University of New Mexico

UNM Digital Repository
Earth and Planetary Sciences ETDs

Electronic Theses and Dissertations

8-30-2011

Paleomagnetic and AMS results from Oligocene
ash-flow tuffs of the eastern San Juan Mountains :
implications for the evolution of the western
margin of the San Luis Basin, northern Rio Grande
Rift
Stephanie N. Mason

Follow this and additional works at: https://digitalrepository.unm.edu/eps_etds
Recommended Citation
Mason, Stephanie N.. "Paleomagnetic and AMS results from Oligocene ash-flow tuffs of the eastern San Juan Mountains : implications
for the evolution of the western margin of the San Luis Basin, northern Rio Grande Rift." (2011). https://digitalrepository.unm.edu/
eps_etds/50

This Thesis is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been accepted for
inclusion in Earth and Planetary Sciences ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact
disc@unm.edu.

PALEOMAGNETIC AND AMS RESULTS FROM
OLIGOCENE ASH-FLOW TUFFS OF THE EASTERN SAN
JUAN MOUNTIANS: IMPLICATIONS FOR THE
EVOLUTION OF THE WESTERN MARGIN OF THE SAN
LUIS BASIN, NORTHERN RIO GRANDE RIFT
by
STEPHANIE N. MASON

B.S., GEOLOGICAL SCIENCES, UNIVERSITY OF
ROCHESTER, 2008

THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
EARTH AND PLANETARY SCIENCES
The University of New Mexico
Albuquerque, New Mexico
July, 2011

ACKNOWLEDGMENTS

I give my profound thanks to my advisor, Dr. John Geissman, for your guidance
and encouragement over the last three years. Your frequent support has helped me
become a better scientist.
I would also like to thank Drs. Aviva Sussman, Mousumi Roy, Tim Wawrzyniec,
Jane Selverstone, and Adrian Brearley for all of your enthusiastic support and knowledge.
I am grateful for all of the encouragement and discussions with my fellow
paleomagnetism lab members: Linda Donohoo-Hurley, Jack Grow, Travis Naibert, and
Dr. Kate Zeigler. It was a pleasure working with all of you. I also thank my friends I
have made at UNM for the wonderful memories.
I thank the New Mexico Geological Society, Colorado Scientific Society,
American Association of Petroleum Geologists, Office of Graduate Studies, and the
Department of Earth & Planetary Sciences at UNM for financially supporting various
aspects of my research. Without the support of these organizations, this project would not
have been possible. I especially thank the people who have assisted me in exploring the
eastern San Juan Mountains and sampling: Dan Mason, Dr. Aviva Sussman, Emily
Schultz-Fellenz, Dr. John Geissman, Doug Byers, Dr. Gautam Mitra, Eshan Mitra, and
Missy Halick.
Most importantly, I give my sincere gratitude to my family and my best friend,
Ryan. Your enduring love and support has shaped the person I am today.

iii

PALEOMAGNETIC AND AMS RESULTS FROM
OLIGOCENE ASH-FLOW TUFFS OF THE EASTERN SAN
JUAN MOUNTIANS: IMPLICATIONS FOR THE
EVOLUTION OF THE WESTERN MARGIN OF THE SAN
LUIS BASIN, NORTHERN RIO GRANDE RIFT
by
STEPHANIE N. MASON

ABSTRACT OF THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
EARTH AND PLANETARY SCIENCES
The University of New Mexico
Albuquerque, New Mexico
July, 2011

PALEOMAGNETIC AND AMS RESULTS FROM OLIGOCENE ASH-FLOW
TUFFS OF THE EASTERN SAN JUAN MOUNTIANS: IMPLICATIONS FOR
THE EVOLUTION OF THE WESTERN MARGIN OF THE SAN LUIS BASIN,
NORTHERN RIO GRANDE RIFT
by
Stephanie N. Mason
B.S., Geological Sciences, University of Rochester, 2008
M.S., Earth and Planetary Sciences, University of New Mexico, 2011

ABSTRACT

The San Luis Basin (SLB) of the northern Rio Grande rift (RGR) is a spectacular
intermontane basin in south-central Colorado. The SLB is an east-dipping, half graben
basin that formed in response to extension beginning ca. 26 Ma in the Cordillera.
Oligocene ash-flow tuffs exposed in the eastern San Juan Mountains and along the
western margin of the SLB provide an excellent opportunity to study the kinematic
history of the northern Rio Grande rift using paleomagnetism. Outflow deposits of ashflow tuffs are generally excellent recorders of the geomagnetic field and can be used to
study the vertical-axis rotation component of extension related to the opening of the SLB.
Four ash-flow tuffs (Carpenter Ridge, Fish Canyon, Chiquito Peak and Saguache Creek
Tuffs) that were erupted between ca. 32 and 27 Ma were sampled at a total of 84 sites for
paleomagnetic, rock magnetic, and magnetic fabric data. Paleomagnetic data indicate
some complexities with using large-volume, regionally extensive outflow deposits of ashflow tuffs, specifically that relatively thick outflow deposits (with thicknesses exceeding
100 m) may record paleosecular variation of the geomagnetic field. Even with these
complications, the four targeted San Juan ash-flow tuffs may still be evaluated for
v

regional domains of potential vertical-axis rotation. Overall, we observe a lack of
vertical-axis rotation along the western margin of the SLB. Shear and fault linkage in the
hanging wall of the major normal fault of the SLB does not appear to play a role in the
evolution of slightly extended terranes. Distal outflow deposits of ash-flow tuffs may
also be difficult, if not impossible, to tell apart and paleomagnetism is used to distinguish
two units that have, until presently, been grouped together as the Chiquito Peak Tuff.
The magnetic fabric of these Oligocene ash-flow tuffs was also measured and analyzed
for complexities due to paleotopography and single-domain magnetic carriers.
Preliminary results from a comparison between two magnetic fabric techniques are also
presented and analyzed. Magnetic fabrics measured for all tuffs in the northeastern San
Juan Mountains confirm that their flow was channelized through an Oligocene
paleovalley that existed west of Saguache.

vi

TABLE OF CONTENTS
TABLE OF CONTENTS ............................................................................................vii
LIST OF FIGURES ......................................................................................................ix
LIST OF TABLES ........................................................................................................xi
PREFACE ....................................................................................................................xii

CHAPTER ONE ............................................................................................................ 1
1. Introduction ........................................................................................................... 1
2. Geologic Background ............................................................................................ 4
2.1 San Luis Basin (SLB)...................................................................................... 4
2.2 Southern Rocky Mountian Volcanic Field (SRMVF) ....................................... 8
3. Previous Paleomagnetic Studies ............................................................................. 9
3.1 Paleomagnetism of Ash-flow Tuffs .................................................................. 9
3.2 SLB Paleomagnetic Studies .......................................................................... 10
3.3 SRMVF Paleomagnetic Studies .................................................................... 11
4. Methods ............................................................................................................... 15
5. Results ................................................................................................................. 18
5.1 Carpenter Ridge Tuff (27.55 ± 0.05 Ma) ....................................................... 18
5.2 Fish Canyon Tuff (28.02 ± 0.16 Ma) ............................................................. 24
5.2.1 Fish Canyon Tuff, Metroz Lake section ............................................ 28
5.3 Chiquito Peak Tuff (28.20 ± 0.07 Ma) .......................................................... 31
5.4 Saguache Creek Tuff (32.25 ± 0.05 Ma) ....................................................... 32
6. Discussion ........................................................................................................... 35
6.1 Evaluation of Rheomorphic Flow and Paleosecular Variation in the Fish
Canyon Tuff at Metroz Lake ............................................................................... 36
6.2 Assessment of Vertical-Axis Rotations .......................................................... 40
6.2.1 Carpenter Ridge Tuff ....................................................................... 43
6.2.2 Fish Canyon Tuff ............................................................................. 43
6.2.3 Chiquito Peak Tuff ........................................................................... 49
6.2.4 Saguache Creek Tuff ........................................................................ 51
6.3 Implication of the lack of vertical-axis rotation along the western margin
of the SLB and paleomagnetic dispersion among sampled ash-flow tuffs ............ 51
7. Conclusions ......................................................................................................... 54
Acknowledgements.................................................................................................. 54
References ............................................................................................................... 55

CHAPTER TWO ......................................................................................................... 67
1. Introduction ......................................................................................................... 67
2. Magnetic Susceptibility Fabrics ........................................................................... 67
3. Previous Magnetic Fabric Studies in the San Juan Mountains............................... 72
4. Methods ............................................................................................................... 77

vii

5. Magnetic Fabric Results ....................................................................................... 80
5.1 Carpenter Ridge Tuff .................................................................................... 80
5.2 Fish Canyon Tuff .......................................................................................... 88
5.3 Chiquito Peak Tuff ....................................................................................... 93
5.4 Saguache Creek Tuff .................................................................................... 94
5.5 AARM Results .............................................................................................. 96
6. Discussion ........................................................................................................... 98
6.1 Comparison with previous studies ................................................................ 98
6.2 Comparison of AMS fabric and paleomagnetism .......................................... 99
6.3 Comparison of AMS and AARM Results ..................................................... 100
6.4 Channelization of ash-flow tuffs ................................................................. 101
7. Conclusions ....................................................................................................... 101
Acknowledgements................................................................................................ 102
References ............................................................................................................. 103

viii

LIST OF FIGURES

Figure 1. Simplified geologic map of the San Luis Basin of the Rio Grande rift ........ 2
Figure 2. Model of relay zone development during regional extension ...................... 3
Figure 3. Generalized geologic map of the sampling area .......................................... 5
Figure 4. Map of sample site locations .................................................................... 16
Figure 5. In-situ specimen orthogonal vector plots and equal-area
stereographic projections of representative sites in the Carpenter Ridge Tuff ........... 20
Figure 6. Representative reflected light photomicrographs from all tuffs in
this study ................................................................................................................. 21
Figure 7. Normalized magnetic susceptibility versus temperature plots ................... 22
Figure 8. Representative, slope-corrected magnetic hysteresis loops measured
from bulk-rock samples ........................................................................................... 22
Figure 9. Demagnetization of ARM and SIRM and IRM acquisition plots .............. 23
Figure 10. Modified Lowrie-Fuller diagrams showing normalized magnetic
intensity versus peak alternating field for NRM, ARM and SIRM. ........................... 23
Figure 11. In-situ specimen orthogonal vector plots and equal-area
stereographic projections of representative sites in the Fish Canyon Tuff ................. 25
Figure 12. Stratigraphic column, in-situ specimen orthogonal vector plots of
whole-rock and lithic fragments, and equal-area stereographic projection of the
Fish Canyon Tuff at Metroz Lake ............................................................................ 29
Figure 13. In-situ specimen orthogonal vector plots and equal-area
stereographic projections of representative sites in the Chiquito Peak Tuff............... 32
Figure 14. In-situ specimen orthogonal vector plots and equal-area
stereographic projections of representative sites in the Saguache Creek Tuff ............ 34
Figure 15. Stereographic projection of site mean directions for all four tuffs ........... 42
Figure 16. Map of Carpenter Ridge Tuff results ...................................................... 44
Figure 17. Map of Fish Canyon Tuff results ............................................................ 46
Figure 18. Map of Chiquito Peak Tuff results .......................................................... 48
Figure 19. Stereographic projection of Chiquito Peak Tuff site mean
paleomagnetic directions .......................................................................................... 49
Figure 20. Map of Saguache Creek Tuff results ....................................................... 51
Figure 21. AMS ellipsoid with location of maximum (K1), intermediate (K2),
and minimum (K3) values of the susceptibility tensor............................................... 69
Figure 22. AMS fabric developed in a hypothetical volcanic flow and lower
hemisphere stereographic projection of K3 axes ...................................................... 70
Figure 23. The 15 different directions an ARM is applied to a specimen to
produce an AARM ellipsoid .................................................................................... 72
Figure 24. Ellwood’s (1982) Chiquito Peak Tuff sample site locations and
measured directions to the source ............................................................................. 76
Figure 25. Map of AMS sample site locations ......................................................... 78
Figure 26. Representative in-situ AMS results ......................................................... 81
Figure 27. Plots comparing AMS and paleomagnetic data for the Carpenter
Ridge Tuff ............................................................................................................... 86

ix

Figure 28. Map of sample site locations and the measured directions to the
source for the Carpenter Ridge Tuff ......................................................................... 87
Figure 29. Map of sample site locations and the measured directions to the
source for the Fish Canyon Tuff ............................................................................... 89
Figure 30. Plots comparing AMS and paleomagnetic data for the Fish Canyon
Tuff ......................................................................................................................... 90
Figure 31. Plots comparing AMS and paleomagnetic data for the Chiquito
Peak Tuff ................................................................................................................ 92
Figure 32. Map of sample site locations and the measured directions to the
source for the Chiquito Peak Tuff ............................................................................ 93
Figure 33. Plots comparing AMS and paleomagnetic data for the Saguache
Creek Tuff ............................................................................................................... 95
Figure 34. Map of sample site locations and the measured directions to the
source for the Saguache Creek Tuff ......................................................................... 96
Figure 35. Comparison of tilt-corrected AMS and AARM results from the
Fish Canyon and Carpenter Ridge Tuffs................................................................... 97

x

LIST OF TABLES
Table 1. Ages and estimated volume of four ash-flow tuffs from the SRMVF
used in this study ....................................................................................................... 4
Table 2. Previous paleomagnetic studies in the San Juan remnant of the
SRMVF .............................................................................................................. 12-13
Table 3. Carpenter Ridge paleomagnetic results ...................................................... 19
Table 4a. Fish Canyon paleomagnetic results ..................................................... 26-27
Table 4b. Metroz Lake Fish Canyon Tuff section paleomagnetic results................. 27
Table 5. Chiquito Peak paleomagnetic results .......................................................... 33
Table 6. Saguache Creek paleomagnetic results ....................................................... 33
Table 7. Paleomagnetic results from single lithic fragments separated from
the Metroz Lake section of the Fish Canyon Tuff ..................................................... 37
Table 8. Site mean reference directions ................................................................... 41
Table 9. Relative vertical-axis rotations between northern and southern
sampling sites in the Fish Canyon and Carpenter Ridge Tuffs .................................. 47
Table 10. Revised paleomagnetic directions for the Chiquito Peak Tuff .................. 50
Table 11. All previous AMS studies in the San Juan Mountains .............................. 74
Table 12. In-situ AMS results ............................................................................. 82-84

xi

PREFACE

The San Juan Mountains are a rugged mountain range in south-central Colorado
with a rich history related to mining and exploration for silver and gold. Much of this
mountain range is covered by mid-Tertiary volcanic rocks that are part of the Southern
Rocky Mountain volcanic field (SRMVF). To the east of the San Juan Mountains is the
San Luis basin, the northern-most major basin of the Rio Grande rift. The volcanic rocks,
and specifically voluminous ash-flow tuffs, in the SRMVF provide a great opportunity to
study the rotational component of extensional deformation in the hanging wall of the
major west dipping normal fault system that formed the San Luis basin. Paleomagnetic
data can be used to identify potential vertical-axis rotation by comparing a measured
paleomagnetic direction from a single unit at different locations to a reference direction
from the same unit. Magnetic fabric data are also obtained to infer the transport
directions of four major ash-flow tuffs using the anisotropy of magnetic susceptibility
(AMS) and anisotropy of anhysteretic remanant magnetization (AARM). This thesis
reports paleomagnetic, rock magnetic, AMS, and AARM data from the Carpenter Ridge,
Fish Canyon, Chiquito Peak, and Saguache Creek Tuffs. Paleomagnetic results indicate a
lack of appreciable vertical-axis rotation over the entire study area and suggest verticalaxis rotation related to shear or fault linkage did not play a large role in the extension of
the SLB. Magnetic fabric data provide a good first approximation of the direction of
flow for the sampled ash-flow tuffs and are consistent with channelization of ash-flow
tuffs through an Oligocene paleovalley in the northeastern San Juan Mountains.
Results of this M.S. thesis research at the University of New Mexico is intended
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to result in at least two, and perhaps three separate publications, in peer-reviewed
journals. One publication will concentrate on the paleomagnetic results (Chapter 1) and
another will concentrate on AMS results (Chapter 2). A third publication may focus on
the influence of welding and devitrification of an ash-flow tuff on its magnetic properties
and magnetic fabrics, using material from a relatively thick and 100% exposed section of
the Carpenter Ridge Tuff. AMS and paleomagnetic data from this ash-flow tuff section
are not included in this thesis but are intended to be presented as part of the AMS
publication or as a separate publication. Detailed sampling at the Carpenter Ridge Tuff
section was done by the author and Dr. John Geissman.
The author is responsible for all of the sample collection, most of the sample
preparation, acquisition of most of the rock magnetic data, and the acquisition of all
paleomagnetic, AMS, and AARM data. All susceptibility versus temperature and
hysteresis data were collected by Dr. Julie Bowles and Dr. Mike Jackson at the Institute
of Rock Magnetism at the University of Minnesota and Mr. Nick George, M.S. candidate,
UNM, assisted with some of the sample preparation. Thin section analyses on all ashflow tuffs in this study were done by Dr. John Geissman and the author. Interpretation of
paleomagnetic, rock magnetic, AMS, and AARM data was done by the author with
assistance from Dr. John Geissman. Preliminary results of this thesis were presented at
the 2009 and 2010 American Geophysical Union (AGU) fall meetings.
The author spent a total of 9 weeks in the field with many field assistants during
the summers of 2009 and 2010. Mr. Dan Mason, my father, provided assistance for 4
weeks, Dr. Aviva Sussman and Emily Schultz-Fellenz, Los Alamos National Laboratory,
assisted for 2.5 weeks, and additional support was provided by the 2009 Earthwatch

xiii

SCAP participants, 2010 Earthwatch participants, Dr. John Geissman, Dr. Gautam Mitra,
Eshan Mitra, Doug Byers, and Melissa Halick. The author also greatly benefitted from a
3-day field course in the San Juan Mountains run by Dr. Peter Lipman, U.S. Geological
Survey, in July, 2009, and numerous subsequent discussions.
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CHAPTER ONE
1. INTRODUCTION
The Rio Grande rift (RGR) is a mid to late Cenozoic continental extensional
system extending from central Colorado to northern Mexico and includes three major
right-stepping, en échelon basins. These basins are separated from each other by eastnortheast striking faults dominated by wrench-like displacement, called accommodation
zones (Chapin, 1979; Muehlberger, 1979; Chapin and Cather, 1994). These zones may
be reactivated Paleoproterozoic shear zones related to the ca. 1.65 Ga suturing between
the Yavapai and Mazatzal provinces (Wooden and DeWitt, 1991; Karlstrom et al., 2004;
Cather et al., 2006). The northernmost major RGR basin, the San Luis basin (SLB),
appears to be the structurally least complex basin of the RGR, with a half graben
geometry and a master normal fault system on its eastern margin in the foothills of the
Sangre de Cristo Mountains (Figure 1).
The more seismically active rift margins of the RGR are defined by arrays of en
échelon normal faults (Goteti, 2009; Lewis et al., 2009) with intervening rock masses that
define areas of potentially complex structure, termed relay zones (Soliva and Benedicto,
2004). Relay zones transfer displacement through complex strain, and eventual linkage
of the faults, and hold clues to understanding the initiation and growth of fault systems
(Ferrill and Morris, 2001). The complex strain field within a relay zone can result in a
deformation matrix that includes translation and/or rotation of crustal blocks within the
relay zone (Figure 2). Shear zones or overlapping faults with a component of strike-slip
can also deform the crust by vertical-axis rotation (e.g., Ron et al., 1984; Hudson and
Geissman, 1987; Wawrzyniec et al., 2002). In this study, we determine the magnitude of
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Figure 1: Simplified geologic map of the San Luis basin (SLB) of the Rio Grande rift in south-central
Colorado. Areas of Oligocene to Miocene volcanic rocks are erosional remnants of the Southern Rocky
Mountain Volcanic Field (SRMVF). Abbreviations: CSJC: Central San Juan caldera cluster; Gu:
Gunnison; SdCF: Sangre de Cristo normal fault; SLH: San Luis Hills; TP: Taos Plateau; VGAZ: Villa
Grove Accommodation Zone. Figure modified from McIntosh and Chapin (2004) and Lipman and
McIntosh (2008); intrusions from Tweto (1979) and Lipman (2000).

the vertical-axis rotation component of the deformation field related to the formation of
the SLB, along its western margin. We accomplish this through a detailed paleomagnetic
examination of the outflow facies of four large volume and regionally extensive ash-flow
tuffs to develop a better understanding of the kinematics of fault linkages, including the
approximate magnitude of vertical-axis rotation, within the hanging wall of the major
east dipping normal fault system that resulted in the SLB.
The western margin of the San Luis basin consists of well-preserved remnants of
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a large-volume mid-Tertiary
volcanic field, the Southern
Rocky Mountain Volcanic
Field (SRMVF; Lipman et al.,
1970; Tweto, 1979; Manley,
1984; Lipman, 2000). Multisource upper Eocene to upper
Oligocene volcanic rocks,
predominately intermediate

Figure 2: Model of relay zone development during regional
extension between left-to-right propagating fault A and rightto-left propagating fault B with possible distribution of block
rotations. Figure from Ferrill and Morris (2001).

composition flows and shallow intrusions and younger more silicic ash-flow tuffs, were
erupted over a span of ~12 Ma before and during the first phase of RGR extension
(Lipman and Mehnert, 1975; Tweto, 1979; Chapin and Cather, 1994). Outflow, sheetlike deposits of ash-flow tuffs are very well exposed in the eastern part of the SRMVF,
and thus the western margin of the SLB, and provide an opportunity for a high spatial
density paleomagnetic study because ash-flow tuffs can be excellent recorders of the
geomagnetic field. Four ash-flow tuffs (Carpenter Ridge, Fish Canyon, Chiquito Peak,
and Saguache Creek Tuffs) that were erupted prior to significant rift-related sedimentary
deposition (Brister and Gries, 1994) were selected for this study (Figure 3; Table 1) and
provide an excellent opportunity to assess the rotational component of deformation
related to the opening of the SLB. Previous studies (e.g., Hudson and Geissman, 1987;
Wells and Hillhouse, 1989; Byrd et al., 1994; Sussman et al., 2011, in review) have
demonstrated that regionally extensive outflow facies ash-flow tuffs can provide very
high fidelity paleomagnetic data, which are usually able to be referenced to the
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paleohorizontal by primary compaction fabrics, that will
allow quantification of vertical-axis rotation with
considerable precision.
Research on this Neogene extensional province
will facilitate a better understanding of the kinematic
development of rift zones and passive margins, as well as
further understanding of the Cenozoic tectonic evolution
of western North America. The margins of the Rio
Grande rift present a moderate seismic hazard (e.g., Keller
and Adams, 1976), the extent of which can be evaluated
with a better understanding of rift faulting kinematics, and
the results of this research can be applied to more active
rift areas with a greater magnitude of seismicity (Kato et
al., 2009; Ebinger et al., 2010).

2. GEOLOGIC BACKGROUND
2.1 San Luis Basin
The Late Cretaceous to Early Cenozoic Laramide
orogeny involved regional shortening and deformation of
the western North America foreland basin, reaching as far
eastward as central New Mexico and central Colorado
(e.g., Burchfiel and Davis, 1975; Kellogg, 1999;
Wawrzyniec et al., 2002). As Laramide shortening
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Figure 3: A. Generalized geologic map of sampling area. Abbreviations: BA: Bachelor caldera; CO:
Cochetopa caldera; CR: Creede caldera; LGn: Northern segment of La Garita caldera; NP: North Pass
caldera; SF: South Fork. B. Detailed geologic map of the region south of Del Norte. Geology simplified
from Lipman, 1976 and Lipman, 2006.

ceased, widespread late Eocene to late Oligocene volcanism dominated the western
North American landscape (Coney, 1978; Johnson, 1991) and was especially prevalent in
the San Juan and Sawatch regions of Colorado over a ~15 Ma time interval (Colucci et
al., 1991; Lipman, 2007). Regional transtension east of the Colorado Plateau began
along collapsing Laramide uplifts in south-central Colorado (Kellogg, 1999), resulting in
the initiation of the SLB at ca. 26 Ma. Evidence for the initiation of the SLB is estimated
from the age of rift basin deposition and tilting; these processes occur after initiation of a
stress state that results in crustal extension (Wawrzyniec, pers. comm., 2011). The
initiation of the RGR is based on the isotopic age data on the oldest volcanic rocks
5

interbedded with rift-related sedimentary deposits of the Santa Fe Group in the southwest
SLB (Amalia Tuff, 26.6 Ma; Manley, 1984; Lipman et al., 1986), timing of RGR-related
tilting of plutons near the Questa caldera in northern New Mexico in the southeast SLB
(~25-26 Ma; Hagstrum and Lipman, 1986) and relative dating of an angular
unconformity along the western margin of the SLB (~26 Ma; Lipman and Mehnert,
1975).
The SLB is a spectacular intermontane basin sharply bounded to the east by the
Sangre de Cristo Mountains and to the west by the San Juan Mountains (Upson, 1939).
The basin is an east dipping half graben between 10 and 75 km wide hinged along the
western margin and a master normal fault system, the Sangre de Cristo fault, along the
eastern margin (Personius and Machette, 1984; Brister and Gries, 1994; Kluth and
Schaftenaar, 1994; Kellogg, 1999). The Sangre de Cristo normal fault system dips
steeply at the surface with seismic surveys suggesting that the fault system has a listric
geometry and soles out at a depth between 16 km (Kluth and Schaftenaar, 1994) and 2628 km (Tandon et al., 1999). The SLB is separated from west-tilted RGR basins to the
north and south by east-northeast trending accommodation zones: to the north, the Villa
Grove, and to the south, the Embudo (Kellogg, 1999). An intra-rift horst, the Alamosa
horst, is concealed underneath the flat valley floor of the SLB but has been inferred
through well data and gravity and seismic surveys (Behrendt and Bajwa, 1974;
Burroughs, 1981; Brister and Gries, 1994). The Alamosa horst subdivides the SLB into
two sub-basins: the Monte Vista graben to the west and the Baca graben to the east
(Burroughs, 1981). All of the basin fill is Eocene to Quaternary in age and
unconformably lies on Precambrian crystalline basement. Well borehole data show a
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depth to Precambrian basement of ~3 km in the Monte Vista graben and ~1.5 km directly
above the Alamosa horst at the latitude of Alamosa (Huntley, 1979a; Brister and
McIntosh, 2004). Contoured two-way travel times in the SLB shown by Brister and
Gries (1994) for Oligocene ash-flow tuffs provide evidence for ponding of these deposits
in the Monte Vista sub-graben with substantial thinning of tuffs to the east, suggesting
the Monte Vista sub-graben was a basin before Rio Grande rifting. A maximum depth to
Precambrian basement of ~6 km is estimated from seismic reflection profiles and well
data for the Baca graben (Brister and Gries, 1994; Kluth and Schaftenaar, 1994). Kluth
and Schaftenaar (1994) estimated the SLB has experienced some 8 to 12 percent
extension, less than all RGR basins to the south, some of which have been extended to a
maximum of 50 percent (Chapin and Cather, 1994). However, estimates of extension
that account for the variation in the width of the RGR reveal a constant magnitude of
percent extension throughout the entire RGR (Wawrzyniec, pers. comm., 2011).
There have been two main phases of extension in the SLB of the RGR-- from the
mid Oligocene to early Miocene and from the mid Miocene to the Holocene (McCalpin,
1981; Aldrich et al., 1986; Morgan et al., 1986). The extension direction for the SLB
area for the time interval between the late Eocene and middle Miocene was estimated by
Wawrzyniec et al. (2002) based on minor fault data and two-dimensional kinematic
modeling. The mean extension direction in the SLB trends northwest (~312°) and is
interpreted as a quasi-continuous change from dextral transpression during the Laramide
orogeny to dextral transtension during the beginning stages of rifting between North
America and the Colorado Plateau (Wawrzyniec et al., 2002). Some studies (Lipman,
1981 and Chapin and Cather, 1994) suggest that the earliest phase of RGR extension was
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WSW-ENE directed. Early rifting included the uplift and down to the east tilting of the
eastern margin of the SRMVF (Brister and Gries, 1994). The post-Miocene direction of
extension is estimated to be east-west oriented (Aldrich et al., 1986) with most
displacement accommodated along the high-angle Sangre de Cristo fault, causing the
Baca sub-basin to deepen (Huntley, 1979a; Brister and McIntosh, 2004). Paleoseismic
trenches dug across range-front fault scarps of the Sangre de Cristo fault system show
evidence of two large magnitude (M > 7) earthquakes over the past 15 ka (McCalpin,
1981), representing Holocene extension along the Sangre de Cristo fault.

2.2 Southern Rocky Mountain Volcanic Field (SRMVF)
The San Juan Mountains represent the largest erosional remnant of the middle
Tertiary SRMVF (Lipman, 2000; Lipman and McIntosh, 2008). The oldest volcanic
features of the SRMVF consist of voluminous intermediate composition volcanic rocks
of the Conejos Formation (ca. 33 to 29 Ma) erupted prior to the voluminous deposits of
central San Juan ash-flow tuffs. These intermediate composition lavas were sourced
from numerous stratovolcanoes, some well-preserved in the eastern San Juan Mountains
(Zielinski and Lipman. 1976; Poland et al., 2004), and are interpreted as mantle derived
parent magmas with complex, multi-stage crystallization history and significant crustal
contamination (Colucci et al., 1991; Parker et al., 2005). The subsequent, voluminous
ash-flow tuffs and associated caldera structures have been long studied in the central San
Juan region (Larsen and Cross, 1956; Steven and Ratté, 1965; Lipman et al., 1970) and
are interpreted to have been erupted from large upper crustal magma chambers related to
the subsurface growth of subvolcanic batholiths (Bachmann et al., 2002; Metcalf, 2005;
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Bachmann et al., 2007; Lipman, 2007).
Over the past two decades, comprehensive geologic mapping and stratigraphic
study, extensive geochemical analyses and single crystal 40Ar/39Ar dating of silicic
volcanic rocks in the San Juan and Sawatch regions of the SRMVF have provided
detailed insight into caldera recurrence intervals and large-scale magma processes
(Lipman et al., 1996; Lipman, 2000; Bove et al., 2001; Bachmann et al., 2002; McIntosh
and Chapin, 2004; Lipman, 2006; Lipman, 2007; McIntosh and Lipman, 2008). The
detailed geologic mapping in the eastern SRMVF (Steven et al., 1974; Lipman, 1976;
Lipman, 2006; Lipman and McIntosh, 2008; Lipman, pers. comm., 2010) provides a
strong foundation for this project; the geochronologic data allow for unprecedented
evaluation of the timing of potential fault linkage in the western SLB (Table 1).

3. PREVIOUS PALEOMAGNETIC STUDIES
3.1 Paleomagnetism of Ash-flow Tuffs
Cenozoic ash-flow tuffs in western North America have been the subject of
extensive studies, including precise 40Ar/39Ar age determinations, and are ideal for
paleomagnetic studies because they typically are high-fidelity recorders of the
geomagnetic field (Grommé et al., 1972; Geissman, 1980; Geissman et al., 1982; Hudson
and Geissman, 1987; Wells and Hillhouse, 1989; Lewis and Stock, 1998). These and
many other studies have successfully used paleomagnetic data to regionally correlate ashflow tuffs and/or estimate the magnitude and sense of vertical-axis rotations, thus
demonstrating the importance of this component of deformation in structurally complex
areas.
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Typically, outflow facies of ash-flow tuffs cool at a considerably rapid rate
relative to field directional changes in the past geomagnetic field over time spans of
decades to ~105 years, called paleosecular variation (PSV). Relatively thin (<100 m),
outflow facies of ash-flow tuffs are usually excellent recorders of the short-term, or
instantaneous, geomagnetic field throughout their extent, and thus are generally not
considered to be capable of adequately averaging PSV (Butler, 1992; Riehle et al., 1995;
Geissman et al., 2010; Riehle et al., 2010; Sussman et al., 2011, in review). There are,
however, some relatively thick (>100 m) sections of ash-flow tuffs that appear to have
cooled at a sufficiently slow rate as to record PSV of the geomagnetic field (Rosenbaum,
1986; Wells and Hillhouse, 1989). In studies devoid of complications due to PSV,
deviations in the recorded paleomagnetic direction (most importantly, declination) in the
same cooling unit of an ash-flow tuff from one locality to another are a likely indicator of
rigid body rotation about a vertical-axis (Hudson and Geissman, 1987; Wells and
Hillhouse, 1989; Byrd et al., 1994; Lewis and Stock, 1998; Petronis et al., 2007; Sussman
et al., 2011, in review). Thus, paleomagnetic data from specific ash-flow tuffs that cover
a large spatial area can identify internal differences in declination, presumed to represent
rigid body rotation resulting from deformation, at a regional scale.

3.2 SLB Paleomagnetic Studies
There have been two paleomagnetic studies within the SLB and thus the northern
part of the RGR. Brown and Golombek (1997) examined Oligocene volcanic rocks
exposed in the San Luis Hills, a southern extension of the Alamosa intra-rift horst in the
south-central SLB, to investigate the stability and kinematic history of this part of the
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RGR. Volcanic rocks of the Conejos (33-29 Ma) and Hinsdale (26 Ma) formations were
sampled at 25 sites. The Conejos Formation is considered to be an analogue to the
similarly-named volcanic rocks in the SRMVF, however, a younger age of ~27.7 Ma has
been reported in the San Luis Hills (Thompson et al., 1991). Twenty three sites yielded
a combined Conejos and Hinsdale grand mean direction that is indistinguishable from the
expected Oligocene paleomagnetic direction for the North American stable craton at the
latitude of the San Luis Hills (Diehl et al., 1988), implying the San Luis Hills area has not
been significantly rotated during rift development. This is consistent with paleomagnetic
results from the ca. 4.7 to 1.8 Ma Servilleta basalt flows on the Taos Plateau, directly
south of the San Luis Hills in the southern SLB (Brown et al., 1993). The Servilleta
basalt sequence shows a negligible vertical-axis rotation throughout its extent and a
minor inclination flattening anomaly in the southern and eastern parts of the Taos
Plateau. A very modest (8.3° ± 5.3°) south side down and (5.7° ± 4.6°) east side down
tilting is related to “downwarping and bowing of the Taos Plateau volcanic field due to
NW-SE compressional stresses created by the overriding of the Picuris Mountains to the
southeast” (Brown et al., 1993).

3.3 SRMVF Paleomagnetic Studies
The early paleomagnetic studies on ash-flow tuffs and related rocks in the
SRMVF used several volcanic units to generate a time-averaged Oligocene
paleomagnetic pole for western North America (Tanaka and Kono, 1973; 1974; Diehl et
al., 1974; Beck et al., 1977) (Table 2). Prior to these studies, magnetic polarity
determinations were done on the major ash-flow tuffs identified at the time (Popenoe and
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Steven, 1969; Lipman and Steven, 1970). Tanaka and Kono (1973, 1974) published the
first paleomagnetic results on the major ash-flow tuffs of the central and eastern San Juan
part of the SRMVF and calculated an Oligocene paleomagnetic pole from these data that
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does not deviate much from the paleomagnetic pole of other Oligocene rocks in the
western US (Grommé and McKee, 1971). The angular dispersion of PSV calculated
from the data (S=18.9°, range of 14.9° to 25.9°) was interpreted to imply that PSV was
greater during the Oligocene than at present (Tanaka and Kono, 1973). The magnetic
phases responsible for the ChRM in the ash-flow tuffs were interpreted to be magnetite
derived from primary oxyexsolution and partially maghemitized magnetite (oxidation
states of C2 to C3, Wilson and Watkins, 1967) (Tanaka and Kono, 1974). Diehl et al.
(1974) estimated an Oligocene paleomagnetic pole for the northwest Colorado Plateau
area using data from 18 sites in 11 different volcanic units in the east-central SJVF. Beck
et al. (1977) compiled all previous paleomagnetic data from studies in the SRMVF,
including paleomagnetic data from Sheriff (1976, M.S. thesis) from the northwest San
Juan region, along with other results from the Spanish Peaks (Larson and Strangway,
1969) and the southwest US (Grommé and McKee, 1971), to calculate a mid-Tertiary
paleomagnetic pole for western North America.
Ellwood (1982) attempted to estimate the transport direction of select ash-flow
tuffs, using anisotropy of magnetic susceptibility (AMS), and also reported
13

paleomagnetic data from four ash-flow tuffs in the central SRMVF (Carpenter Ridge,
Fish Canyon, Wason Park, and Masonic Park Tuffs). His study showed that AMS data
could be used to locate the inferred source of each tuff based on the magnetic lineation
fabric acquired during flow from the caldera source. Paleomagnetic site mean directions
were estimated using up to six specimens per site after most specimens were
demagnetized to 30mT; pilot samples for each site were demagnetized to 90mT. At sites
FC-01 and FC-10, the paleomagnetic direction was considered “anomalous” and was
interpreted to be due to rheomorphism. It is also possible that these anomalous directions
are due to a secondary overprint that was not adequately separated from the characteristic
remanent magnetization of the rocks.
Seven sites were initially sampled across the exposure of a ~250 m section of Fish
Canyon Tuff in Fun Valley by Ellwood (1982) and were added to an additional 10 sites to
develop a composite Fish Canyon Tuff section with a thickness of about 1200 m
(Ellwood et al., 1989). The ensemble of site mean data from the Fun Valley section
suggests that some degree of PSV was recorded during cooling. In addition, locally, the
uppermost preserved part of the Fish Canyon Tuff has a chemical remanent
magnetization (CRM) that was interpreted to be secondary and acquired during thermal
remagnetization by the overlying Carpenter Ridge Tuff (Ellwood et al., 1989).
All previous paleomagnetic studies were conducted using demagnetization
techniques that were less rigorous than contemporary standards and some cooling units
previously sampled were later recognized to have been misidentified, providing an
opportunity for a reinvestigation of the paleomagnetism of some of the ash-flow tuffs in
the SRMVF. Some comprehensive geochemical studies (Lipman et al., 1996, McIntosh
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and Chapin, 2004; Lipman and McIntosh, 2008) have included limited paleomagnetic
data. Lipman et al. (1996) focused on the Platoro and Summitville caldera centers and
associated volcanic deposits in the southeastern San Juan remnant of the SRMVF. Five
new paleomagnetic site mean directions and AMS data were reported for the Chiquito
Peak Tuff. McIntosh and Chapin (2004) studied silicic volcanic rocks in the Central
Colorado part of the SRMVF, immediately north of the SLB. They identified distal
deposits of the Fish Canyon and Carpenter Ridge Tuffs and published three site mean
directions for the Fish Canyon Tuff. Lipman and McIntosh (2008) identified and mapped
the previously miscorrelated 32.25 Ma Saguache Creek Tuff and described the newly
recognized North Pass caldera as its source (Figure 3). The Saguache Creek Tuff is wellexposed along the inferred Saguache paleovalley at the northern latitude of the SLB and
two paleomagnetic site mean directions were reported for the tuff.

4. METHODS
For this study, the large volume and laterally extensive Carpenter Ridge and Fish
Canyon Tuffs were sampled at 68 sites in the eastern San Juan remnant of the SRMVF
(Figure 4). In addition, the less regionally extensive Chiquito Peak and Saguache Creek
Tuffs were sampled at 16 sites in the southeastern and northeastern San Juan Mountains,
respectively. Each tuff was identified in the field primarily by its crystal mineralogy and
texture, as previously described in detail (Lipman et al., 1996; Lipman, 2006; Lipman
and McIntosh, 2008). These ash-flow tuffs span ~5 million years preceding inception of
RGR extension and have been spatially correlated by detailed mapping (Steven et al.,
1974; Lipman, 1976; Lipman, 2006; Lipman and McIntosh, 2008; Lipman, 2010, pers
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Figure 4: Sample site locations for all four outflow ash-flow tuffs targeted in this study. ML: Fish Canyon
Tuff section at Metroz Lake. Numbers denote the number of multiple sample sites at a location. Light blue
area: Upper Eocene to Oligocene volcanic rocks; dark blue area: region of Oligocene volcanic rocks with
modest tilting observed near western margin of SLB. Caldera abbreviations: BA: Bachelor; BZ: Bonanza,
CC: Cebolla Creek; CO: Cochetopa Park; CR: Creede; LGn: La Garita north segment; LGs: La Garita
south segment; MA: Marshall Creek; NM: Nelson Mountain; NP: North Pass; PL: Platoro; RC: Rat Creek;
SR: South River; SU: Summitville. Figure modified from Keller and Baldridge (1999), Lipman (2006;
2007) and Lipman and McIntosh (2008).
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comm). We sampled both near-source and distal outflow deposits between the western
margin of the SLB to the east and the San Juan caldera complex and Cochetopa caldera to
the west. To minimize the effects of potential in-situ, post-emplacement deformation
(specifically tilting) of the tuffs as best as possible, we sampled outflow facies of each
targeted unit at least 5 km from the source caldera and all structural caldera margins.
Five sites were sampled within the non-resurgent and post-caldera lava filled North Pass
caldera (Lipman and McIntosh, 2008) in the northern part of our sampling region. The
orientation of compaction (eutaxitic) fabrics or stratigraphic contacts (when observed)
were measured and used to restore paleomagnetic data to the inferred paleohorizontal,
when possible. Tilting of 5° to 10° towards the east was observed in exposures closest to
the western SLB margin, resulting from the first stage of RGR extension, and we
corrected for the effects of this local tilting by restoring compaction fabrics to the
horizontal using the present strike axis.
As noted above, outflow facies of ash-flow tuffs usually do not average
geomagnetic field PSV during thermoremanent magnetization (TRM) blocking because
they cool at a relatively rapid rate. Therefore, an outflow cooling unit should capture the
same geomagnetic field direction over its entire extent. The paleomagnetic signature of
each ash-flow tuff at different locations relative to a chosen reference locality is utilized
to identify any possible vertical-axis rotations. Relative vertical-axis rotations are
estimated as a deviation in declination between an established “reference” locality for
each specific ash-flow tuff and a specific paleomagnetic sampling locale and quantified
using the method of Beck (1980), as modified by Demarest (1983).
We collected an average of ten core samples per site (range of 7 to 20) by drilling
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with a portable, gasoline powered drill with a non-magnetic drill bit; core samples were
oriented in the field with Brunton and sun compasses. At five sites, where drilling was
impossible, oriented block samples were taken and later drilled into samples at the
University of New Mexico. Core samples were trimmed into specimens with a nonmagnetic saw blade to a standard size of 2.54 cm diameter and ~2.3 cm length.
Paleomagnetic analyses were completed in a low magnetic field space (< 200 nT) using
stepwise thermal and alternating field (AF) demagnetization procedures. Principal
component analysis (Kirschvink, 1980) was used to fit the characteristic remanent
magnetization (ChRM) of specimens from each site and site mean directions are averaged
using Fisher (1953) statistics. Rock magnetic experiments in conjunction with polished
thin section analyses are used to evaluate the nature of the magnetic minerals of each tuff,
including their composition, domain and oxidation state, and Curie point.

5. RESULTS
5.1 Carpenter Ridge Tuff (27.55 ± 0.05 Ma)
The Carpenter Ridge Tuff was sampled at 27 localities and has a ChRM of
southeast to south-directed declination and moderate negative inclination (reverse
polarity) (Table 3). The average NRM intensity is 4.97 A/m. Some specimens from the
welded tuff, and all specimens of the basal vitrophyre, which is typically well preserved
in this ash-flow tuff, were only partially demagnetized by AF treatment to 100 mT or so,
therefore thermal demagnetization was used to effectively unblock as much of the ChRM
as possible. Univectorial decay to the origin after the removal of a moderate coercivity
and low to moderate blocking temperature overprint (stable endpoint behavior, SEP) is
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Figure 5: Upper: In-situ orthogonal vector plots of representative alternating field and thermal
demagnetizations from the Carpenter Ridge Tuff. The horizontal component of the magnetization (filled
circles, declination) and vertical component (open circles, apparent inclination) are plotted simultaneously.
Demagnetizing field (mT, AF demagnetization) or temperature (degrees Celsius, thermal demagnetization)
for selected data are labelled beside the declination vectors. Natural remnant magnetization (NRM)
indicated by open stars and NRM intensity indicated in each plot. Lower: Equal-area stereographic
projections of in-situ specimen paleomagnetic directions for representative sites of the Carpenter Ridge
Tuff. Open squares plot in the lower hemisphere (reverse polarity) and filled squares plot in the upper
hemisphere (normal polarity). Site mean is plotted as a red square with a 95% confidence interval.

typically observed (Figure 5) and occasionally specimens are overprinted by a high
intensity anomalous overprint interpreted as a lightning-induced isothermal remanent
magnetization (IRM) (Figure 5).
The principal magnetic phase in the Carpenter Ridge Tuff is low-titanium
magnetite with varying degrees of high temperature (deuteric) oxidation (Figure 6).
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Deuteric oxidation of iron-titanium oxides occurs during primary cooling of the unit and
the degree of deuteric oxidation is a function of time and oxygen fugacity (Watkins and
Haggerty, 1967; Wilson and Watkins, 1967; Haggerty, 1991). Typical iron-titanium
phases in the Carpenter Ridge Tuff range from an assemblage of low-titanium magnetite
with trellis type ilmenite lamellae (stage C2 to C3; Watkins and Haggerty, 1967) to an

Figure 6: Representative reflected light photomicrographs from all tuffs in this study. Abbreviations: Hm:
hematite; Ilm: ilmenite; Mt: magnetite; Psb: pseudobrookite; Ru: rutile; Sp: spinel. Carpenter Ridge Tuff,
A: SJ12; B: SJ45; C: SJ46; D: SJ75; E: SJ78; Fish Canyon Tuff, F: SJ36; G: SJ37; H: SJ35; I: SJ34; J:
SJ02; Chiquito Peak Tuff, K: SJ49; L: SJ49; M: SJ57; Saguache Creek Tuff, N: SJ79; O: SJ100; P: SJ100.
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Figure 7: Normalized magnetic susceptibility versus temperature data measured in an Argon atmosphere
using a KLY-2 high-temperature susceptibility Kappabridge at the Institute for Rock Magnetism at the
University of Minnesota. The red curve represents heating from room temperature to 700˚C and the blue
curve represents cooling from 700˚C to room temperature.

Figure 8: Examples of representative, slope-corrected magnetic hysteresis loops measured from bulk-rock
samples on a vibrating sample magnetometer (VSM) at the Institute for Rock Magnetism. Sample
magnetization (Am2/kg) plotted versus peak magnetic field (in mT). The ratio of magnetic remanence (Mr)
to the saturation magnetization (Ms) for each loop is also shown.
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Figure 9: A: Demagnetization of an applied ARM with an alternating field intensity of 98 mT. B:
Acquisition of IRM to saturation (SIRM). C: Direct field demagnetization of SIRM.

Figure 10: Modified Lowrie-Fuller diagrams showing normalized magnetic intensity versus peak
alternating field for NRM, ARM and SIRM.
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assemblage of magnetite, rutile, and titanohematite (stage C4 to C5; Watkins and
Haggerty, 1967). Some low-titanium magnetite grains have hematite present at the edges
and along cracks from a process called martitization (Rahmdor, 1969). The hematite
(martite) is a pseudomorph after magnetite and primarily forms along (111) planes in
magnetite: martitization first occurs along cracks or at grain edges (Rahmdor, 1969). The
primary magnetic remanence is typically carried by magnetite and titanohematite, with
laboratory unblocking temperatures between about 620°C and 670°C, and confirmed with
reflected light microscopy (Figures 6 and 7). Some sites have hematite as the primary
remanence carrier and a Néel temperature of 680°C. These magnetic carriers are
primarily in the pseudo-single-domain size range, exemplified by a magnetic remanence
to magnetic saturation ratio (Mr/Ms) ranging from 0.2978 to 0.1143 in hysteresis loops
(Figure 8) and a more complete demagnetization of a saturation isothermal remanent
magnetization (SIRM) as compared to an anhysteretic remanent magnetization (ARM) as
shown in modified Lowrie-Fuller diagrams (Figures 9 and 10). Magnetic saturation (Ms)
varied from 0.07 to 0.64 Am2/kg, coercivity (Hc) has a range from 13 to 36 mT and
coercivity of remanence (Hcr) ranges from 47 to 96 mT.

5.2 Fish Canyon Tuff (28.02 ± 0.16 Ma)
The Fish Canyon Tuff, a crystal-rich dacite, was sampled at 41 sites throughout
the eastern San Juan Mountains and typically yields a ChRM of north- to northeastseeking declination and moderate positive inclination (normal polarity) (Figure 11; Table
4a). Average NRM intensity is 1.93 A/m. The ChRM for most sites was completely
demagnetized by peak fields of 100 mT in AF demagnetization with SEP behavior; only
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Figure 11: Upper: In-situ orthogonal vector plots of representative alternating field and thermal
demagnetizations of the Fish Canyon Tuff. Lower: Equal-area stereographic projections of in-situ
specimen paleomagnetic directions for representative sites of the Fish Canyon Tuff.

a few sites required additional thermal demagnetization. Most sites in the Fish Canyon
Tuff yielded estimated mean inclinations ranging from 40.9° to 67.9°. Three sites yielded
shallower mean inclinations (29.6°, 32.9°, and 35.3°). All specimens from one site (SJ73)
and most specimens from SJ43 Aside from these two sites, only a few specimens were
overprinted with a lightning-induced IRM that was sometimes adequately separated from
the ChRM.
The magnetic carriers of the ChRM in the Fish Canyon Tuff vary from lowtitanium magnetite to low-titanium hematite as a function of the degree of hightemperature oxidation. Reflected light microscopy confirms the presence of deuteric
25
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oxidation from stage C2 to C5 (Watkins and Haggerty, 1967) and some martitization
(Figure 6). Laboratory unblocking temperatures range from ~580°C to ~630°C that
suggest the presence of low-titanium magnetite, maghemite and titanohematite (Figures 6
and 7). One outflow deposit sampled at site SJ35 shows characteristics of stage C6
deuteric oxidation and contains magnetic carriers with a Néel point of ~680°C,
interpreted as hematite, and confirmed with thin section analyses.
Mr/Ms values range from 0.3820 to 0.0480, indicating a spectrum of grain sizes
from pseudo-single-domain to multidomain (Figure 8). Modified Lowrie-Fuller plots
further confirm the presence of multidomain remanence carrier in some of the Fish
Canyon Tuff at two representative sites (Figure 10). Ms values vary from 0.03 to 1.80
Am2/kg, coercivity varies from 7 to 31 mT, and coercivity of remanence ranges from 50
to 68 mT (Figures 8 and 9).

5.2.1 Fish Canyon Tuff, Metroz Lake section
A ~500m thick outflow facies Fish Canyon Tuff section exposed near Metroz
Lake was sampled at seven paleomagnetic sites that span the entire thickness of the
deposit (Figure 12, Table 4b). The purpose of sampling this thick outflow section was to
use it as a potential reference section to which we could compare all other paleomagnetic
data from Fish Canyon Tuff sites. This near-source single cooling unit is divided into six
subunits based on compound welding patterns (Lipman, 2006) and is located west of
South Fork, sufficiently removed from the westernmost margin of the SLB, and thus in
what we interpret to be an area unaffected by Cenozoic extension. There is no evidence
within the proximal or distal Fish Canyon Tuff of long-term cooling breaks (Lipman,
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Figure 12: A: In-situ orthogonal vector
plots of representative whole-rock
specimen alternating field and thermal
demagnetizations. Representative insitu orthogonal vector plots of separate
lithic fragment demagnetizations are
shown for sites SJ38, SJ39, SJ40, and
SJ41. B: Stratigraphic column of the
Fish Canyon Tuff at Metroz Lake with
sample sites and boundaries of cooling
units (Lipman, 2006) labeled. C: Equalarea sterographic projection with in-situ
site mean paleomagnetic directions from
Metroz Lake and their respective 95%
confidence limits plotted. The pattern
created by the site mean directions is
evaluated in section 6.1.

2006), implying that the eruption of an immense volume of pyroclastic material from the
La Garita caldera took place over a very short time interval. Modeling of a proximal,
compound welded ash-flow tuff (Rattlesnake Tuff, ca. 7 Ma) indicates compound
welding develops during successive phases of flow emplacement with short pauses (days
to a few weeks) over the time period of pyroclastic eruption (Riehle et al., 2010).
Our sampled section exposed near Metroz Lake includes the uppermost material
exposed for sampling, about 25 m below the contact with the overlying Carpenter Ridge
Tuff. The total of seven sites spans a vertical thickness of about 450 m, with sites
distributed roughly every 75 m, to the lower-most part of the section that could be
sampled, close to location of the Fish Canyon Tuff Geochronology standard sample
(Lipman, 2006). The base of the section is not exposed in this valley, but is assumed to
be about 15 m below our lowest site based on the relative thickness of the first cooling
unit member (Lipman, 2006).
The Metroz Lake section is one of the thickest exposures of outflow facies
deposits of the Fish Canyon Tuff in the San Juan Mountains. The key difference between
the paleomagnetic results from the Fish Canyon Tuff section studied here and the
composite Fish Canyon Tuff section reported by Ellwood et al. (1989) is that our entire
section was sampled as part of a single, continuous section, from base to top. This is
important because the Fish Canyon Tuff contains no internal cooling breaks or significant
changes in geochemistry or crystal mineralogy throughout the entire deposit (Whitney
and Stormer, 1985; Bachmann et al., 2002), making it very difficult to determine
stratigraphic position within the thick outflow.
The paleomagnetic data obtained from the Fish Canyon Tuff section exposed at
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Metroz Lake show a statistically significant variation in declination and inclination
through the ~500 m section (Figure 12). Declinations from sites near the bottom and the
top of the section are north-northeast directed, yet declinations in the lower third of the
tuff, where the highest degree of welding takes place, are more northeast seeking. For
most of the section, inclinations are statistically indistinguishable, with the exception of a
significantly shallower inclination from the uppermost site in the section.

5.3 Chiquito Peak Tuff (28.20 ± 0.07 Ma)
The crystal-rich dacite of the Chiquito Peak Tuff was sampled at 11 localities near
the latitude of South Fork and Del Norte (Figure 4). The average NRM intensity is 2.80
A/m and this ash-flow tuff yields a ChRM declination that is typically south seeking and
of moderate negative inclination (reverse polarity) (Figure 13; Table 5). Most specimens
of the Chiquito Peak Tuff were completely demagnetized in peak alternating fields of 100
mT and exhibit SEP behavior. Only two sites required further thermal demagnetization
to isolate the ChRM. A few specimens had ChRMs that were overprinted by a lightninginduced IRM and were not included in site mean direction calculations.
The typical ChRM carriers are primarily low-titanium magnetite to titanohematite
with C3 to C5 stage high-temperature oxidation (Watkins and Haggerty, 1967) with some
martitization. Susceptibilities measured over a range of temperatures indicate a large
drop in susceptibility at ~470°C and the irreversible formation of low-titanium magnetite
with a Curie point of ~560°C; laboratory unblocking temperatures range from ~560°C to
620°C (Figures 6 and 7). Two representative modified Lowrie-Fuller plots indicate
SIRM is more fully demagnetized than ARM and one Mr/Ms value (0.1120) for this tuff

31

indicate a remanence carrier of pseudo-single-domain grain size (Figures 8 and 10). The
coercivity from one sample is 13 mT, coercivity of remanence ranges from 31 to 45 mT,
and a single magnetic saturation measurement was 0.10 Am2/kg (Figures 8 and 9).

5.4 Saguache Creek Tuff (32.25 ± 0.05 Ma)
The newly documented and described Saguache Creek Tuff (Lipman and
McIntosh, 2008) was sampled at five localities west of Saguache (Figure 4). The crystal-

Figure 13: Upper: In-situ orthogonal vector plots of representative alternating field and thermal
demagnetizations of the Chiquito Peak Tuff. Lower: Equal-area stereographic projections of in-situ
specimen paleomagnetic directions for representative sites of the Chiquito Peak Tuff.
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Figure 14: Upper: In-situ orthogonal vector plots of representative alternating field demagnetizations of
the Saguache Creek Tuff. Lower: Equal-area stereographic projections of in-situ specimen paleomagnetic
directions for representative sites of the Saguache Creek Tuff.

poor rhyolitic tuff has an average NRM intensity of 1.26 A/m and yields a ChRM of
south seeking declination and moderate negative inclination (reverse polarity) (Figure 14;
Table 6). AF demagnetization to 100mT removes a low coercivity overprint followed by
univectorial, SEP decay to the origin. Most specimens at site SJ07 were completely
overprinted by a lightning-induced IRM and results from this site are removed from
further study. The typical ChRM carriers in the Saguache Creek Tuff are low-titanium
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magnetite with stage C2 to C3 high-temperature oxidation (Watkins and Haggerty, 1967)
with some maghemitization that is confirmed by reflected light microscopy and a Curie
point of ~600°C (Figures 6 and 7). Very little martitization was seen. Modified LowrieFuller plots indicate a multidomain magnetic carrier, although Mr/Ms values (0.1893 to
0.1148) indicate a pseudo-single-domain grain size (Figures 8 and 10). Coercivity values
range from 8 to 13 mT, coercivity of remanence range from 31 to 32 mT, and saturation
magnetization values range from 0.04 to 0.53 Am2 /kg (Figures 8 and 9).

6. DISCUSSION
The spatial distribution of paleomagnetic data obtained from the Carpenter Ridge,
Fish Canyon, Chiquito Peak and Saguache Creek ash-flow tuffs offers an opportunity to
assess the possibility of vertical-axis rotations associated with the development of the
western margin of the northern RGR at the latitude of the SLB. Despite the fact that all
four regionally extensive ash-flow tuffs yield well-defined ChRM site mean directions,
there is appreciable dispersion among individual estimated site mean directions from
each of the ash-flow tuffs, and, at first inspection, the dispersion does not appear to be a
function of site location. This dispersion is in both declination and inclination, and
clearly cannot be explained as a manifestation of vertical-axis rotation alone. In
assessing the paleomagnetic data obtained in this study, it is apparent that these ash-flow
tuffs do not record a simple, uniformly directed magnetization and this appears to be
especially true for some of the large volume ignimbrites in the SRMVF. This
observation is similar to those based on other studies of Oligocene to Miocene ash-flow
tuffs in the southwestern US (Geissman et al., 1982; Rosenbaum, 1986; Wells and
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Hillhouse, 1989). Certain interpretations concerning the magnitude and direction of
vertical-axis rotation that has affected these rocks, however, can still be made with a
reasonable level of confidence.

6.1 Evaluation of Rheomorphic Flow and Paleosecular Variation in the Fish Canyon
Tuff at Metroz Lake
Because much of our sampling was concentrated in the Fish Canyon Tuff, as it is
arguably the most widely distributed and best-exposed of the ash-flow tuffs in this study,
it was important to establish a reference section for paleomagnetic comparison, hence our
detailed examination of the Metroz Lake section. Two plausible explanations for the
observed variation in ChRM direction, mainly in declination, in the ~500 m thick outflow Fish Canyon section may be that the paleomagnetic vectors were distorted during
post-emplacement rheomorphic flow or that the unusually thick section faithfully
recorded PSV during relatively slow cooling. Rheomorphism is the secondary flow after
emplacement of a tuff and occurs most often in pyroclastic deposits of peralkaline
composition (Wolff and Wright, 1981). During sub-blocking temperature rheomorphism,
individual crystals and lithic fragments inside the welded tuff are subject to shear-related
rotation about sub-horizontal axes. The possibility of secondary rheomorphic flow in at
least parts of the thick Fish Canyon Tuff section at Metroz Lake is examined by
comparing paleomagnetic results from single, oriented lithic fragments versus those from
the entire tuff.

Rosenbaum (1986) studied rheomorphically deformed parts of the

Topopah Spring member of the Paintbrush Tuff, southwest Nevada, and compared
paleomagnetic directions derived from the tuff and individual lithic fragments. He found
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statistically different paleomagnetic directions from the two components of the tuff and
inferred that lithic fragments were essentially resistant to effects of shearing, in
comparison to the surrounding tuff matrix. In three ~300 m thick sections, the Topopah
Spring Tuff exhibits a large directional dispersion (k ≈ 30) that was interpreted to reflect
rheomorphic flow below magnetization blocking temperatures (Rosenbaum, 1986).
Lithic fragments are not abundant in outflow facies deposits of the Fish Canyon
Tuff (O’Leary, 1981; Whitney and Stormer, 1985; Lipman, 2000). However, 18 lithic
fragments (mainly of intermediate composition volcanic rocks) were extracted from sites
SJ38, SJ39, SJ40 and SJ41 from the Metroz Lake section and progressively AF and
thermal demagnetized (Table 7). Paleomagnetic directions derived from single lithic
fragments are similar to the tuff-dominated samples (Figure 12) and provide at least some
evidence against rheomorphic flow in the thick Fish Canyon Tuff section at Metroz Lake.
The available paleomagnetic data are interpreted to indicate that PSV of the
Oligocene geomagnetic field was recorded by the Fish Canyon Tuff during relatively
slow cooling of the Metroz Lake section. The estimated site mean directions from the
most welded part of the interior of the Metroz Lake section are very well defined (k >
200) and consistent among the interior sites, suggesting no post-blocking temperature
rheomorphic flow occurred within the interior of the thick pyroclastic deposit, which is
the most likely part of the
flow that would be subject to
secondary flow (Wolff and
Wright, 1981; Geissman et
al., 1982; Rosembaum, 1986).
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Separate, single lithic fragments yield paleomagnetic directions identical to those derived
from lithic fragment free specimens from the interior of the Fish Canyon Tuff section,
implying that shear-induced rotation of the ash and crystals relative to the lithic
fragments did not occur. Additionally, no rheomorphic features were identified in the
field within the tuff (Lipman, pers. comm., 2011).
The relatively high emplacement temperature estimates (about 800 ± 30°C) based
on Fe-Ti oxide geothermometric data for the Fish Canyon Tuff (Whitney and Stormer,
1985) imply that devitrification/ash particle re-crystallization probably took place at
elevated temperatures and would reduce the likelihood of welding or rheomorphic flow at
low, post-blocking temperatures (Wolff and Wright, 1981; Rosenbaum, 1986). The
systematic change in declination observed in the Fish Canyon section at Metroz Lake is
best explained by the relatively slow cooling of the ~500 m thick outflow deposit.
Predictably, the margins of an ash-flow tuff are the first to cool through the blocking
temperature interval, and record similar paleomagnetic directions, while the lower third
of the flow experiences the highest degree of welding and heat retention, and therefore is
expected to be the last part of the tuff to acquire a TRM. PSV would be recorded as the
tuff cools from the margins toward the lower third of the deposit, manifesting itself as a
systematic change in declination and inclination from each margin toward the most
welded part of the flow. Inclination data suggest the vertical component of the
geomagnetic field steepened during initial cooling. Site SJ36, which is located at the top
of the Metroz Lake section and is ~25 m below the overlying Carpenter Ridge Tuff, has
an inclination that is shallower than any other part of the tuff and this observation cannot
be explained by lithostatic load induced compaction.
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To evaluate if the observed directional dispersion is a manifestation of PSV, we
calculated the expected VGP scatter (SB) from the Metroz Lake sites. The seven site
mean directions from the Metroz Lake section yield a VGP S B = 26.4° ± 6.3°, which is
considerably higher than the expected value for this latitude (S B ≈ 15.5° ± 1.5°), based on
0-5 Ma lava flows (Johnson et al., 2008). The high observed value of S B likely reflects
the low number of independent observations; it is also likely that the cumulative Fish
Canyon Tuff section cooled more slowly than thin lava flows and therefore captured
more PSV. It is difficult to estimate the rate of cooling of any specific location within an
ash-flow tuff deposit as thick as the Metroz Lake section, especially without evidence of
any cooling breaks and a paleomagnetic signal that is clearly not a record of a
geomagnetic excursion or reversal. Thermal modeling of ash-flow tuff deposits has
concentrated on relatively thin single and compound welded ash-flows using simple
conductive cooling models (Riehle et al., 1995; 2010). Estimates for the maximum
duration of remanence acquisition during cooling of the ~100 m+ thick Huckleberry
Ridge Tuff, which does not average PSV and records either a geomagnetic excursion or
part of a reversal, are on the order of 100 to 200 years (Geissman et al., 2010). The
paleomagnetic behavior of the Fish Canyon Tuff at Metroz Lake contrasts with those
from the Bandelier Tuff, from the western margin of the Española basin (Sussman et al.,
2011, in review). The Bandelier Tuff did not average PSV nor have a large scatter in site
mean directions that we believe is a function of the relatively smaller volume of the
Bandelier Tuff (~700 km3 erupted in two main eruptions; Self et al., 1986) and the
noticeably lesser degree of welding in the Bandelier tuff (Sussman et al., 2011, in
review).
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6.2 Assessment of Vertical-Axis Rotations
A key assumption in the use of paleomagnetic data from ash-flow tuffs to assess
vertical-axis rotations is that a single cooling unit records the instantaneous geomagnetic
field and, thus, in the absence of any localized phenomena such as rheomorphism or
deposition on a highly irregular surface, a single deposit, with data properly referenced to
the paleohorizontal, should be uniformly magnetized prior to possible subsequent
deformation. Data from sites that span the ~500 m thick section of the Fish Canyon
Tuff at Metroz Lake show the heterogeneity of the magnetization in this deposit, which is
interpreted to reflect PSV recorded during relatively slow cooling of this unusually thick
deposit. Site mean declinations range from 6.8° to 33.0° and mean inclinations from
40.3° to 60.0°. Thus, it is difficult to establish a single, reliable reference direction from
thick outflow sections of the Fish Canyon Tuff (in the western part of the study area near
the Central San Juan Caldera cluster) because they may record PSV, as supported by the
data from the Metroz Lake section.
Alternatively, thinner ash-flow tuff deposits (~50 m thick, typical of Fish Canyon
Tuff exposures farther to the east) may provide a more limited range of observed
paleomagnetic directions, as these deposits would likely cool more rapidly, limiting the
possibility of recording substantial PSV. Outflow deposits of the Fish Canyon Tuff with
thicknesses less than about 50 m are typically 30 km+ from the La Garita caldera, slightly
to moderately welded, and are well exposed near the western margin of the SLB in the
Del Norte area (Lipman, 1976; 2006).
Notably, the entire ensemble of sites in the more distal, thinner parts of the Fish
Canyon Tuff yield a range of mean declinations from ~354° to 33° and a range of mean
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inclinations of ~34° to 68°; these ranges are even larger than that exhibited by the sites at
the Metroz Lake section. Excluding the outliers (three site means that are more than 5°
away from all other site means) results in a range in mean declinations (~ 7° to 33°) and
mean inclinations (~ 41° to 61°), which is comparable to that in the Metroz Lake section.
The mean direction recorded by 11 sites in thin Fish Canyon Tuff deposits is statistically
indistinguishable from the mean of all Fish Canyon Tuff site mean directions compiled
from this and previous studies (Table 8).
The observed scatter of ChRM data from sites in relatively thin outflow deposits
of the Fish Canyon Tuff, and from the Fish Canyon Tuff in general, indicates that the
paleomagnetic data from the Fish Canyon Tuff clearly does not provide an instantaneous
record of the Oligocene geomagnetic field. We hypothesize that the observed dispersion
of site mean directions is not simply an effect of compaction-related processes because
the range in observed declinations exceeds that in inclination (Table 8) and we speculate
that the observed dispersion is largely a function of PSV; an additional contribution could
be errors in our estimates of tectonic corrections due to paleotopography.
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Despite these complexities in the
paleomagnetic record from the Fish Canyon
Tuff, an approximate reference direction can
still be extracted from the unit in order to
infer, based on the total spatial distribution of
the paleomagnetic data (Figure 15), at least
the sense and approximate magnitude of
vertical-axis rotation of any part of the study
area. We estimate a reference direction and
its respective confidence interval for the Fish
Canyon Tuff, as well as the other three tuffs
studied, using an approach that is somewhat
unorthodox in comparison to more
conventional approaches. We first calculate
an overall grand mean direction and 95%
confidence interval using all available well-

Figure 15: Stereographic projection of site
mean directions for each ash-flow tuff measured
in this study and including all previous studies.
Open circles plot in the lower hemisphere and
filled circles plot in the upper hemisphere.
Grand mean directions denoted by filled red
circles and a red 95% confidence interval. N:
number of independent site mean directions.

determined site mean directions from this
study and previous studies. The confidence
interval is used to quantify declination

discordances (Beck, 1980; Demarest, 1983) (and thus vertical-axis rotation) at some level
of precision, however, it cannot be applied in this study to identify individual sites that
may have been deformed because of the observed dispersion of data from each tuff
studied. The entire pattern of site mean directions from each tuff is examined relative to
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the respective sensu lato expected direction and also among all of the observed
directions, to identify areas (possibly distinct structural domains) that may have
experienced coherent vertical-axis rotation of an approximately uniform magnitude
(Table 8).

6.2.1 Carpenter Ridge Tuff
The ensemble of data from the Carpenter Ridge Tuff (Figure 16) suggests that a
modest (~15°) counterclockwise vertical-axis rotation may have affected the area
between ~7 km to the north and ~15 km to the south of Del Norte at the western margin
of the SLB. Data outside of the Del Norte domain do not show evidence for any
differential rotation.

6.2.2. Fish Canyon Tuff
We identify one site (SJ35; mean declination of 56.5°) with an anomalous eastnortheast declination in the Fish Canyon Tuff. This site is within 10 meters of an east
dipping north-northwest trending normal fault in the foothills of the San Juan Mountains
south of Del Norte (Figure 17). The Carpenter Ridge Tuff sampled on both sides of the
same fault system, between ~10 and 20 m away from the fault, does not show evidence
for vertical-axis rotation. We suggest that the declination discordancy at SJ35 is either
related to local deformation related to motion along the fault or that the magnetic
signature is a chemical remanent magnetization (CRM) from advanced high-temperature
oxidation. A CRM cannot be ruled out as the source of the declination discordance
because high-temperature oxidation could have taken place at temperatures lower than
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Figure 16: Carpenter Ridge Tuff spatial results. Declination vectors from this study are in black and
declination vectors from previous studies are in red. Refer to figure 4 for abbreviations.
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that of the blocking temperature of hematite (~680°C) during primary cooling of the ashflow tuff and represent a magnetization that is not primary in nature. This site may be in
a part of the more distal outflow Fish Canyon Tuff with a CRM that may be a function of
an advanced stage of high-temperature oxidation. We cautiously interpret this anomalous
result as a CRM and remove it from grand mean calculations for the Fish Canyon Tuff
and further consideration.
The sampling area around Del Norte may be another domain in which the Fish
Canyon Tuff experienced a modest (~10°) clockwise vertical-axis rotation in the ca. 0.55
Ma interval prior to the eruption of the younger Carpenter Ridge Tuff. This is the same
domain in which the Carpenter Ridge Tuff appears to have undergone a modest
counterclockwise vertical-axis rotation. The opposite sense of vertical-axis rotation
inferred for this domain implies this area is complicated and may not be a true domain
with a coherent vertical-axis rotation. Additional field work and paleomagnetic sampling
in the Del Norte area may help to clarify this conundrum; presently, we interpret this
domain to have no quantifiable vertical-axis rotation.
The region west of Saguache and north of the latitude of La Garita and Creede
includes many sites with declinations that are more north-directed in comparison to
results from the Fish Canyon Tuff sampled farther to the south (Figure 17). Mean
directions for the two populations of sites in the Fish Canyon Tuff (those established
north of La Garita vs. those to the south) are statistically significant at the 95%
confidence level and reveal a modest (15.2° ± 6.1°) difference in site mean declinations
(Table 9). The mean direction for the population of sites collected in the southern
sampling region is statistically indistinguishable from the Fish Canyon Tuff unit mean
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Figure 17: Fish Canyon Tuff spatial results. Declination vectors from this study are in black and
declination vectors from previous studies are in red. Refer to figure 4 for abbreviations.
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and is interpreted to have not been influenced by
vertical-axis rotation. Data from the northern area
potentially define a structural domain that has
experienced a modest amount of counterclockwise
vertical-axis rotation. However, data from the
overlying Carpenter Ridge Tuff do not indicate a
statistically significant relative vertical-axis rotation
between the north and south sampling areas (Table
9). One way to explain this observation would
involve post-emplacement rigid body rotation of the
Fish Canyon Tuff during the ca. 0.55 Ma time
interval prior to eruption of the Carpenter Ridge
Tuff. If viable, this interpretation implies that
deformation related to RGR extension in the
northern SLB initiated by ca. 27.55 Ma, prior to
eruption of the Carpenter Ridge Tuff, which is at
least ca. 1.5 Ma prior to all other estimates of the
initiation of rifting in the SLB and may indeed be
related to rifting in the northern SLB. It is
important to note that previous estimates of rift
initiation in the SLB are primarily based on rift basin strata and the timing of rift basin
deposition; stresses related to rifting must have initiated prior to the preservation of this
stratigraphic record. This interpretation is not particularly robust because this possible
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Figure 18: Chiquito Peak Tuff spatial results. Declination vectors from this study are in black and
declination vectors from previous studies are in red. Refer to figure 4 for abbreviations.
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vertical-axis rotation cannot be excluded as being an artifact of the large observed range
in declination values of the Fish Canyon Tuff (declination range of ~47°, Table 8) and the
vertical-axis rotation cannot be put into the context of any related structures in the
northeastern San Juan Mountains and northern SLB (Figure 3).

6.2.3 Chiquito Peak Tuff
Our new data from the Chiquito Peak Tuff, combined with those from previous
studies (Figure 18), define two statistically distinguishable populations: 13 sites means
have declinations between 175° and 215° and 6 site means have declinations between
145° and 165° (Figure 19; Table 10). The Chiquito Peak Tuff and older (ca. 29.5 to 28.5
Ma; Lipman, 2006) ash-flow tuffs of the Treasure Mountain Group erupted from the
Platoro Caldera have similar compositions, volume percentage of crystals, mineralogy,
and depositional range (Lipman et al., 1996; Lipman, 2006). In addition to these

Figure 19: Stereographic projection of Chiquito Peak Tuff site mean directions. All symbols plot in the
lower hemisphere. Chiquito Peak site means with west-seeking declinations are plotted as open squares and
east-seeking declinations are plotted as open circles. The mean of the west-seeking declination data is
plotted as a red square, the mean of the east-seeking declination data is plotted as a red circle, and the mean
of all site mean data is plotted as a red star. A 95% confidence interval is plotted for all means.
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characteristics, most of the Treasure Mountain group
ash-flow tuffs are of reverse polarity (Lipman, 2006)
and distant outflow facies of the Treasure Mountain
group (e.g., the La Jara Canyon Tuff) and Chiquito
Peak ash-flow tuffs are very difficult, if not
impossible, to distinguish. The Chiquito Peak Tuff
has also been historically mistaken for the Masonic
Park Tuff (ca. 28.3 Ma; Lipman, 2006), the earliest
erupted ash-flow tuff from the central San Juan
caldera cluster (Lipman et al., 1996). Therefore, we
suggest that the two statistically distinct populations
of data for the Chiquito Peak Tuff actually reflect
sampling of at least two separate outflow tuffs
sourced from the Platoro caldera, which had been
previously grouped together.
Assessment of the spatial distribution of
declination data from the Chiquito Peak Tuff must
take into consideration the possibility that two (or
more) Platoro caldera derived distal facies of ashflow tuffs are represented by these data. As a first
approximation, we evaluate the two distinct declination populations separately,
recognizing that each population may represent more than one ash-flow tuff (Table 10).
We identify no spatial evidence for vertical-axis rotation within these two sets of data and
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Figure 20: Saguache Creek Tuff spatial results. Declination vectors from this study are in black and
declination vectors from previous studies are in red. Refer to figure 4 for abbreviations.

recognize that this interpretation would become much more robust with a better
constraint on the distal stratigraphy of these pre-Fish Canyon Tuff deposits.

6.2.4 Saguache Creek Tuff
The Saguache Creek Tuff, exposed only in the northern part of the study area and
represented by a total of six site mean directions, shows no evidence for any differential
vertical-axis rotation (Figure 20). However, to make a more robust argument for the lack
of vertical-axis rotation, more data are needed from this newly documented ash-flow tuff.

6.3 Implication of the lack of vertical-axis rotation along the western margin of the
SLB and paleomagnetic dispersion among the sampled ash-flow tuffs
Overall, we interpret the available paleomagnetic data from the four, regionally
extensive ash-flow tuffs in the eastern San Juan Mountains to demonstrate the absence of
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appreciable magnitude vertical-axis rotations within this area and thus the western margin
of the San Luis Basin. Despite the fact that the nucleation of and displacement along
numerous normal faults in the eastern San Juan Mountains contributed to extension in the
area, the available data suggest that fault linkage related to extension did not involve a
significant component of vertical-axis rotation along the western margin of the SLB. It is
possible that dextral shear during the early phase of RGR transtension (Wawrzyniec et
al., 2002) was concentrated along normal faults in the eastern SLB, possibly including the
Sangre de Cristo normal fault zone. The modest east-directed dip (5° to 10°) of
compaction fabrics and basal contacts of ash-flow tuffs exposed closest to the SLB
signifies a slight down to the east tilting associated with the late Oligocene to early
Miocene growth of the Monte Vista sub-graben. Data obtained in this study, together
with previous results from these tuffs, are interpreted to indicate that the eastern San Juan
Mountains have remained a relatively stable region in the hanging wall of the major,
west-dipping fault system on the eastern side of the SLB responsible for most of the
Cenozoic extension in the area. All available data from the western margin of the SLB
indicates vertical-axis rotation may not be a large component of fault linkage related to a
modest amount of extension.
The new data obtained in this study augment a growing body of paleomagnetic
results bearing on the tectonic evolution of parts of the Rio Grande rift, including results
from the down-to-the-west tilted Española basin, immediately south of the San Luis
Basin (Harlan and Geissman, 2009; Hudson et al., 2004; Sussman et al., 2011, in review).
Recent paleomagnetic studies in the Española and northern Albuquerque basins are
thought to have successfully averaged PSV on volcanic and intrusive igneous rocks and
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show what may be a modest amount of counterclockwise vertical-axis rotation (-9.0° ±
6.3°) in the central Española basin, suggesting shear related to fault linkage and relay
zone development of the western margin of the Española basin occurred between the
Pliocene and Quaternary (Harlan and Geissman, 2009; Hudson et al., 2004; Sussman et
al., 2011, in review). Deformation related to fault linkage may be different between the
two adjoining RGR basins that may correspond to the simpler basin geometry and
lesser degree of extension in the SLB.
Ash-flow tuffs are usually excellent recorders of the geomagnetic field over very
short time intervals, however the magnetization record in the Fish Canyon and Carpenter
Ridge Tuffs, two large volume and regionally extensive ash-flow tuffs of the SRMVF, is
complicated. The paleomagnetic record of the Miocene Peach Springs Tuff of Wells and
Hillhouse (1989) is similarly complex, especially in sections that exceed 60 m in
thickness. The dispersion of site mean directions that span the entire thickness of
especially thick deposits is interpreted as a record of Miocene PSV recorded during
prolonged cooling of the Peach Springs Tuff (Wells and Hillhouse, 1989).
Paleomagnetic results from this study and that of Wells and Hillhouse (1989) contrast
with those from the ~2500km3 upper Pliocene Huckleberry Ridge Tuff (Geissman et al.,
2010) and the Quaternary Bandelier Tuff (Sussman et al., 2011, in review). The
Huckeberry Ridge and Bandelier ash-flow tuffs have a simple, uniform magnetization
record that is observed throughout the regional extent of the deposit, including in sections
with thicknesses exceeding 100 m.
The conundrum between ash-flow tuffs that are excellent recorders of the
geomagnetic field and those that are less than ideal requires further investigation into the
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sources of these complications. We cannot make a broad generalization that all largevolume ash-flow tuffs have a complex paleomagnetic record (e.g., Geissman et al., 2010;
Sussman et al., 2011, in review), however, thick sections (100+ m) of an ash-flow tuff
appear to be good candidates to target before a paleomagnetic study of a specific ashflow tuff because these sections exaggerate any possible paleomagnetic complications in
a specific ash-flow tuff deposit.

7. CONCLUSIONS
New paleomagnetic results from the Carpenter Ridge, Fish Canyon, Chiquito
Peak and Saguache Creek Tuffs, two of which are regionally extensive, indicate a lack of
appreciable vertical-axis rotation over the entire study area. Ash-flow tuffs are typically
excellent candidates for the assessment of relative vertical-axis rotation at a high level of
precision, however, these data may be complicated in thick accumulations of these
deposits by requiring a longer amount of time to cool and for magnetization acquisition,
thus recording PSV of the geomagnetic field. Even with these complications, the four
San Juan ash-flow tuffs may still be evaluated for regional domains of vertical-axis
rotation. Vertical-axis rotation related to shear and fault linkage does not appear to play a
role in the evolution of slightly extended terranes, exemplified by Oligocene ash-flow
tuffs from the western SLB.
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CHAPTER TWO
1. INTRODUCTION
The Southern Rocky Mountain Volcanic field (SRMVF) in south-central
Colorado and northern New Mexico is a large volume locus of middle Tertiary volcanism
(Lipman, 2000; 2007; Lipman and McIntosh, 2008). Products of silicic pyroclastic
activity and associated caldera collapse structures are exceptionally well-preserved. Four
laterally extensive outflow ash-flow tuffs (Carpenter Ridge, Fish Canyon, Chiquito Peak,
Saguache Creek Tuffs) spanning ~5 Ma during the Oligocene were sampled in the
eastern San Juan Mountains near the western margin of the San Luis basin of the mid to
late Tertiary Rio Grande rift to test the hypothesis that the emplacement of large-volume
ash-flow tuffs resulted in the development of a weak, yet measureable, magnetic fabric
and that the orientation of the magnetic fabric is consistent with transport from the
caldera source. Earlier work by Ellwood (1982) showed an anisotropy of magnetic
susceptibility (AMS) could be used as an easy way to estimate the flow direction, and
source region, of an outflow facies ash-flow tuff. The AMS and, to a more limited
extent, anisotropy of anhysteretic remanent magnetization (AARM) signatures of these
outflow facies pyroclastic silicic deposits we obtained allow us to infer regional scale to
more local scale flow direction of these tuffs and assess the complexities of using AMS.
We also explore possible relationships between the AMS fabric and paleomagnetic
results in the SRMVF ash-flow tuffs.

2. MAGNETIC SUSCEPTIBILITY FABRICS
When placed in a magnetic field (H), all solids acquire an induced magnetization.
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Ferromagnetic or ferrimagnetic materials, as well as paramagnetic phases, acquire an
induced magnetization (M) parallel to H. M is related to the applied magnetic field
through a constant (K) the magnetic susceptibility (Butler, 1992). The magnetic
susceptibility of a material depends on the orientation of the applied magnetic field as a
ferro/ferrimagnetic material commonly has an inherent anisotropy of magnetic
susceptibility (AMS) related to its crystalline structure or grain shape. Thus, an
assemblage of ferro/ferrimagnetic phases that are separated by paramagnetic or
diamagnetic phases, which have weaker positive and negative magnetic susceptibility,
respectively, will likely have a susceptibility anisotropy, as well as a remanence
anisotropy (Tarling and Hrouda, 1993). The induced magnetization and the applied
magnetic field can be expressed as two vectors related to each other in Cartesian
coordinates by a susceptibility tensor. This susceptibility tensor can be represented in
three dimensions as a susceptibility ellipsoid with principal axes defined as the maximum
(K1), intermediate (K2), and minimum (K3) values of the susceptibility tensor (Tarling
and Hrouda, 1993). This ellipsoid can be used to define the magnetic fabric of a rock,
with a magnetic lineation parallel to the K1 susceptibility axis and a magnetic foliation
defined as a plane normal to the K3 susceptibility axis (Figure 21).
The AMS of a volcanic rock can potentially provide information as to the
transport direction of either a lava flow or deposit of pyroclastic materials and thus the
inferred source, eruptive region or center for the volcanic rock (Khan, 1962; Brown et al.,
1964; Leong and Stacey, 1966; Ellwood, 1978, 1982). Silicate and ferro/ferrimagnetic
oxide minerals within a fluid or plastically deforming volcanic flow preferentially align
themselves with respect to the direction of flow, resulting in a weak to potentially well-
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developed primary magmatic
foliation (Tarling and Hrouda,
1993). Although the modal
percentage of ferro/ferrimagnetic
minerals in a volcanic deposit is
typically at most a few percent,
these minerals will often mimic the
orientations of dominant minerals
with diamagnetic (quartz, feldspars)
or paramagnetic (biotite, pyroxene,

Figure 21: AMS ellipsoid with location of maximum
(K1), intermediate (K2), and minimum (K3) values of the
susceptibility tensor (figure modified from Tarling and
Hrouda, 1993).

hornblende) behaviors (Ade-Hall et al., 1971; Wolff et al., 1989). In pyroclastic deposits
such as ash-flow tuffs (often termed ignimbrites) the crystals within a flowing “crystal
mush” preferentially align in an imbricated pattern during flow, similar to the imbrication
of pebbles and cobbles in fluvial systems (Tarling and Hrouda, 1993). The imbrication
process preferentially develops a strong magnetic foliation (defined by the K1 and K2
axes), with a strike that is nearly perpendicular to the flow direction and a typically gentle
to modest dip, the direction of which points opposite to the direction of transport (hence
to the source area). The minimum susceptibility axis (K3) is typically very well defined,
with a steep plunge that had a trend parallel to the transport direction of the flow, on a
microscopic scale (MacDonald and Palmer, 1990) (Figure 22). Primary flow structures
are often too weakly developed for identification in the field at a macroscopic scale of the
volcanic flow (Tarling and Hrouda, 1993), thus AMS can be used as a more quantitative
approach to identify the flow direction and inferred source region of the volcanic rock.
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Figure 22: Upper: AMS fabric
developed in a hypothetical volcanic
flow that is flowing from east to west.
Shaded planes in the AMS ellipsoids
indicate the orientation of the
magnetic foliation. Lower left: Lower
hemisphere stereographic projection
of K3 axes in the upper diagram.
Filled circles plot in the lower
hemisphere. Red circle indicates the
mean minimum susceptibility
direction and associated 95%
confidence interval.

The magnetic fabric in volcanic rocks is generally weakly developed (less than 10
percent anisotropy, as shown by Hrouda (1982) in basaltic and basaltic andesite lava
flows) and is typically controlled by magnetite and maghemite, rather than having a
sizeable contribution by paramagnetic phases. Fabrics can be complicated near the tops
or edges of deposits that may have a poorly defined flow and a higher relative viscosity
(Kolofíková, 1976) or during degassing of a flow after emplacement (Tarling and
Hrouda, 1993). The magnetic fabric of a volcanic rock is in large part controlled by the
shape anisotropy of magnetite of different grain sizes (Khan, 1962). In multidomain
elongate grains of magnetite, K1 is roughly parallel to the long axis of the mineral,
however in elongate single domain grains, K1 is perpendicular to the long axis of the
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mineral (Stephenson et al., 1986; Potter and Stephenson, 1988; Jackson, 1991). In rocks
with a large contribution of single domain magnetite or maghemite, an inverse magnetic
fabric may be produced, with the K1 axis perpendicular to the flow direction. Rock
magnetic studies, including analysis of the composition and domain state of the magnetic
phases, are required for an accurate interpretation of observed magnetic fabrics in order
to identify and correct for magnetic fabrics dominated by single domain magnetite or
maghemite carriers.
The anisotropy of anhysteretic remanent magnetization (AARM) provides
information regarding the orientation of only the ferro/ferrimagnetic minerals (Jackson,
1991; Tauxe, 1998; Raposo and Berquó, 2008; Naibert et al., 2010) that are capable of
retaining a remanence. An anhysteretic remanent magnetization (ARM) is acquired in
the presence of a high peak alternating field (e.g., 100 mT or so) that is applied at the
same time as a small direct field (e.g., 0.1 mT) (Butler, 1992). An ARM is an artificial
magnetization that mimics a thermoremanent magnetization (TRM) (Johnson et al., 1975;
Kono, 1987) and is preferentially acquired parallel to the long axis of both single-domain
and multidomain magnetite grains, eliminating the problem of an inverse fabric observed
in AMS studies of rocks with single-domain magnetite (Jackson, 1991). The acquired
ARM is proportional to the intensity of the direct field applied through a proportionality
constant analogous to magnetic susceptibility (King et al., 1982; McCabe et al., 1985).
Thus, an anhysteretic magnetization can be applied to a specimen in multiple (typically
15) different directions (Figure 23) and successively measured to produce a tensor
represented in three dimensions by an AARM ellipsoid (Tauxe, 1998; Naibert et al.,
2010). The major axis of this ellipsoid is the maximum value of the tensor, AARM1, the
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intermediate value is AARM2, and the minimum value is AARM3.

3. GENERAL GEOLOGY AND PREVIOUS MAGNETIC FABRIC STUDIES IN
THE SAN JUAN MOUNTAINS
The Southern Rocky Mountain Volcanic Field (SRMVF) was a locus of mid-Tertiary
Cordillerian magmatism (Lipman and McIntosh, 2008). The San Juan Mountains are the
largest erosional remnant of the SRMVF (Lipman, 2000). Intermediate and silicic
volcanic rocks (ca. 33 to 26 Ma) were erupted by numerous volcanic sources and predate extension in the northern Rio Grande rift (Lipman and Mehnert, 1975). At least 21
ash-flow tuffs with volumes of 250 km3 or more were erupted from upper crustal magma
chambers in the San Juan region in the Oligocene, with most of the silicic volcanism
occurring between 28.3 and 26.5 Ma and originating from the Central San Juan caldera

Figure 23: The 15
different directions an
ARM is applied to a
specimen to produce an
AARM ellipsoid.
Figure from Naibert
(M.S. Thesis,
University of New
Mexico, 2009) and
modified from Tauxe,
1998.
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cluster (CSJC) (Lipman, 2000; Lipman and McIntosh, 2008). The multitude of silicic
volcanic eruptions is believed to accompany the assembly of upper-crustal batholiths
underneath the central San Juan Mountains and is supported by gravity data (Lipman,
2007).
The oldest outflow ash-flow tuff studied is the recently described Saguache Creek
Tuff (ca. 32.25 ± 0.05 Ma; Lipman and McIntosh, 2008). The Saguache Creek Tuff is
volumetrically the smallest ash-flow tuff in this study and was erupted from the North
Pass caldera in the northern sampling region. Deposits of this crystal-poor tuff are
primarily located at the latitude of Saguache in the northern sampling region (Lipman and
McIntosh, 2008). The Chiquito Peak Tuff (28.20 ± 0.07 Ma; Lipman et al., 1996;
Lipman, 2006) was the last major ash-flow tuff erupted from the Platoro caldera system.
The Chiquito Peak Tuff is a crystal-rich dacite that is only exposed in the southern
sampling region. The Fish Canyon Tuff (ca. 28.02 ± 0.16 Ma; Renne, 1998) is one of the
largest recognized ash-flow tuff deposits in the world and is a uniform, crystal-rich
dacite. The Fish Canyon Tuff was erupted from the La Garita caldera, which has
dimensions of 35 75 km and contains six nested calderas nested that formed within 1.5
Ma of the Fish Canyon Tuff eruption (Lipman, 2000). The youngest outflow ash-flow
tuff studied is the Carpenter Ridge Tuff, ca. 27.55 ± 0.05 Ma (Lipman and McIntosh,
2008). The Carpenter Ridge Tuff has a prominent basal vitrophyre and central
lithophysae-rich zone (Whitney et al., 1988).
The magnetic fabric of some major, regionally extensive Oligocene ash-flow tuffs
of the SRMVF was first investigated by Ellwood (1982; 1989) (Table 11). Ellwood
(1982) demonstrated that AMS data provide an estimate of the transport direction of the
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selected silicic pyroclastic deposits and, thus, their inferred source, based on a sufficient
geographic distribution of sampling localities. In these studies, only the magnetic
lineation (trend of K1 axis) was used to estimate the direction to the source, rather than
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the actual orientation of the imbrication fabric. Overall, the magnetic lineation data
provided a realistic estimate of the direction to the source, however, as noted above, K1
can be normal to the transport direction of the rock (Khan, 1962; Leong
and Stacey, 1966; Kolofíková, 1976; Ellwood, 1978). Two sites, which yielded
anomalous paleomagnetic characteristic remanent magnetization (ChRM) directions, also
gave unusual magnetic fabric data and he interpreted these observations to be a result of
secondary sub-blocking temperature rheomorphic flow.
The Masonic and Chiquito Peak Tuffs were described in detail and AMS data
were used to help demonstrate that these tuffs are separate outflow tuffs from unique
sources by Lipman et al. (1996). A combination of geochemical data, single crystal
sanidine 40Ar/39Ar age dating, and paleoflow estimates based on the trend of measured K1
axes, was used to distinguish the sources of these crystal-rich dacites. Lipman et al.
(1996) concluded that the Masonic Park Tuff (ca. 28.3 Ma, 62-65% SiO2 ; Lipman, 2006)
was erupted from a presently concealed caldera in the central San Juan caldera cluster
and that the Chiquito Peak Tuff (ca. 28.2 Ma, 64-68% SiO2; Lipman, 2006) erupted from
the Platoro caldera; prior to this study, these two outflow tuffs were unintentionally
grouped together as the Masonic Park Tuff (Lipman et al., 1996). These tuffs have a
limited overlap in a narrow region near South Fork, interpreted as an Oligocene
paleovalley that limited the southeast extent of the Masonic Park Tuff and the northwest
extent of the Chiquito Peak Tuff (Lipman et al., 1996).
Lipman and others (1996) also showed that two of the inferred Masonic Park Tuff
sites (MP1 and MP3) examined by Ellwood (1982) for AMS and paleomagnetic
information are actually the Chiquito Peak Tuff. Curiously, the magnetic fabric data
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Figure 24: MP-1 and MP-3 sampling sites in the Chiquito Peak Tuff of Ellwood (1982) with arrows
indicating the inferred direction to the source. The length of each arrow has no meaning. Actual source is
the Platoro caldera (lower right, shaded). Blue region represents upper Eocene to Oligocene volcanic rocks
of the SRMVF. Abbreviations: CR: Creede caldera; LGs: southern segment of the La Garita caldera; SR:
South River caldera.

reported by Ellwood from these two sites do not correspond to the Platoro caldera as the
source of the Chiquito Peak Tuff (Figure 24). The transport direction derived at site MP3
is from southwest to northeast, essentially normal to the predicted transport direction,
which highlights the difficulties with using AMS to infer transport directions in the
absence of sufficient understanding of the magnetic carriers present in each tuff.
AMS methods have been used to decipher the magma transport pattern in the
silicic radial dike swarm at Summer Coon volcano (Poland et al., 2004). Summer Coon
is a ca. 32-34 Ma eroded stratovolcano exposed north of Del Norte near the western
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margin of the San Luis basin of the Rio Grande rift (Lipman, 1976; Zielinski and
Lipman, 1976; Parker et al., 2005). Magma flow in a dike results in the imbrication of
crystals along both margins of the dike, with K1 axes, and thus the magnetic foliation,
aligned at a small angle to the walls of the dike but in contrary directions, defining the
paleoflow direction (Tauxe, 1998). The propagation of the silicic radial dikes at Summer
Coon was found to occur primarily through sub-horizontal flow of magma that may be a
feature of magma migration in stratovolcanoes (Poland et al., 2004).

4. METHODS
The four regionally extensive Oligocene ash-flow tuffs we selected for study were
sampled at 80 sites in the eastern San Juan Mountains (Figure 25). Samples were
obtained as cores drilled with a gasoline powered, portable drill with a non-magnetic core
bit and oriented in the field with Brunton and sun compasses. Between 9 and 20 cores
were taken from each site, with an average of 10 core samples per site. At one site where
drilling was impossible (SJ100), 11 oriented block samples were taken and later drilled
into specimens at the University of New Mexico. All samples were cut into specimens
with a diameter of 25mm and a length of 22mm to best approximate a sphere.
Magnetic fabric measurements were made on 8 to 20 specimens from each site
using a KLY-4S Kappabridge. Most specimens were measured before demagnetization
to 100mT for paleomagnetic analysis. The bulk susceptibility (K m), susceptibility axes
(K1>K2>K3) and their associated 95% confidence ellipses, the degree of anisotropy (P’)
and the shape parameter (T) were calculated using the Anisoft (Ver 4.2) program from
Agico, Inc.
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Figure 25: AMS sample site locations for all four outflow ash-flow tuffs targeted in this study. Numbers
denote the number of multiple sample sites at a location. Calderas: BA: Bachelor; BZ: Bonanza, CC:
Cebolla Creek; CO: Cochetopa Park; CR: Creede; LGn: La Garita north segment; LGs: La Garita south
segment; MA: Marshall Creek; NM: Nelson Mountain; NP: North Pass; PL: Platoro; RC: Rat Creek; SR:
South River; SU: Summitville. Figure modified from Keller and Baldridge (1999), Lipman (2006; 2007)
and Lipman and McIntosh (2008).
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One site each in the Carpenter Ridge and Fish Canyon Tuffs (six specimens from
each) was selected for AARM analyses. Specimens were further reduced to a diameter of
15 mm and a length of 22 mm in order to fit into the GSD-1 AF demagnetization system.
A peak ARM field of 98mT was superimposed in a direct field of 0.1T and given to each
specimen along the each of the 15 different orientations (Tauxe, 1998) (Figure 23). The
remanence of each specimen was measured and subsequently demagnetized to 100 mT
using an Enterprise three-axis DC SQUID based magnetometer. An ARM was given to
each specimen in each of the 15 orientations and the remanence was subsequently
measured and demagnetized along three orthogonal axes to 100 mT.
Detailed rock magnetic investigations included alternating field (AF)
demagnetization of ARM (acquired in a peak DC field of 98 mT), progressive acquisition
of isothermal remanent magnetization (IRM) to saturation (SIRM), backfield DC
demagnetization of SIRM, AF demagnetization of IRM acquired in a DC field of 98 mT,
hysteresis loops and high-temperature susceptibility curves in order to characterize the
domain state and composition of the ferro/ferromagnetic phases in all four outflow ashflow tuffs. Reflected light inspection of polished thin sections was conducted to
document mineral phases and textures in each tuff at resolution of a few microns to
hundreds of microns. Ferro/ferromagnetic phases identified at this scale are pseudosingle-domain to multidomain in character and are assumed to be important contributors
to the magnetic fabrics of these rocks and also representative of finer grained, singledomain/pseudo-single-domain phases also present.
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5. MAGNETIC FABRIC RESULTS
The relatively high (10 -3 to 10-2 SI volume units) bulk susceptibilities measured
indicate the preferential orientation of ferro/ferrimagnetic minerals in all of the tuffs.
Some sites with a bulk susceptibility of 10 -4 may have a small paramagnetic phase
contribution (e.g., biotite, hornblende, clinopyroxene) to the bulk magnetic susceptibility.
Site mean AMS fabrics measured at 80 sites are generally well-defined and typically
have an oblate fabric (Table 12, Figure 26). The degree of anisotropy (P’) and shape
parameter (T) for each site is calculated after Jelinek (1981). A well developed oblate
fabric is seen at 70 sites (88 percent of sites), one site shows a strong prolate fabric, and a
triaxial behavior is seen at nine sites. At the individual site level, specimens exhibit two
general behaviors, either with excellent grouping of all three principal susceptibility axes
(triaxial behavior) or with a tight clustering of the K3 axes and K1 and K2 axes distributed
in a plane perpendicular to K3 (the magnetic foliation). A steeply plunging (greater than
70°) mean K3 axis is observed at 64 sites and 39 sites have a steeply plunging K3 axis and
a strong magnetic foliation. The magnetic carriers typical of each ash-flow tuff are
described in Chapter 1 and brief summaries are given below for each of the four tuffs
investigated.

5.1 Carpenter Ridge Tuff
The Carpenter Ridge Tuff is a crystal-poor, compositionally zoned ash-flow tuff.
The outflow facies grades from a crystal poor rhyolite (5% crystals, 74% SiO2) at the
base to a high silica dacite (67% SiO2) with up to ~30% crystals near the top of the flow
(Whitney et al., 1988; Lipman, 2006). Plagioclase feldspar is the dominant crystal phase,

80

Figure 26: Representative in-situ AMS results from all four outflow ash-flow tuffs. K1 axes: black
squares; K1 mean: blue square and 95% confidence interval; K2 axes: black triangles; K2 mean: green
triangle and 95% confidence interval; K3 axes: black circles; K3 mean: red circle and 95% confidence
interval. N is the number of specimens measured (with typically one specimen per independently oriented
sample).
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followed by biotite and lesser amounts of sanidine and clinopyroxene. The general
magnetic carriers are pseudo-single domain to multidomain magnetite with varying
degrees of high temperature oxidation. One site (SJ04) contains magnetite and hematite
as the dominant magnetic carriers. The bulk susceptibility of the Carpenter Ridge Tuff
ranges from 3.74 10-4 to 6.96 10-3 SI volume units, indicating a contribution by
paramagnetic and ferro/ferromagnetic minerals that control the magnetic fabric (Hrouda
and Khan, 1991). The degree of anisotropy, P’, ranges from 1.010 to 1.096 and the shape
parameter, T, ranges from -0.642 to 0.719. Most (80 percent) of the 23 measured sites in
the Carpenter Ridge Tuff have a well defined magnetic foliation; a strongly prolate
magnetic fabric was measured at site SJ04.
Most of the Carpenter Ridge Tuff sites examined in this study display a strong sub
horizontal magnetic foliation and positive T values, indicating a dominantly oblate
magnetic fabric. Four sites show a triaxial behavior and one site has a strongly prolate
fabric. These five sites are conspicuous from the rest of the Carpenter Ridge Tuff sites,
especially when comparing P’ to T (Figure 27). The site with a prolate fabric (SJ04) was
sampled at a subhorizontal exposure of the lower lithophysae-rich zone of this compound
cooling unit and may have experienced chemical alteration by the gasses and fluids that
gathered to form the voids common in this zone. Two of the sites that show triaxial
behavior (SJ46 and SJ81) were also sampled in the lithophysae-rich zone of the
Carpenter Ridge Tuff. These three sites also have higher degrees of anisotropy when
compared to the non-lithophysae bearing horizons sampled, but do not show anomalous
paleomagnetic behavior or magnetic carriers. The other two sites with a triaxial magnetic
fabric are moderately welded and were sampled at different stratigraphic levels in the
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Figure 27: Plots comparing AMS and paleomagnetic data for the Carpenter Ridge Tuff. T: shape
parameter; P’: degree of anisotropy; Dec: declination, Inc: inclination; K3: average 95% confidence interval
about the K3 axis.
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Figure 28: Map with sample site locations and the measured directions to the source for the Carpenter
Ridge Tuff (actual source is the Bachelor caldera, dark grey). The northern and southern extent of the
Bachelor caldera is obscured by younger calderas.
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same region south-southeast of Del Norte. The results from sites SJ04, SJ46, and SJ81
are omitted from further consideration of the magnetic fabric of the Carpenter Ridge Tuff
because of possible pervasive alteration of the magnetic mineralogy of the lithophysaerich zone subsequent to emplacement of this part of the tuff.
Most sites in the Carpenter Ridge Tuff show a strong relation between the degree
of dispersion of the K3 axes and T (Figure 27), in that well-defined magnetic foliations
are associated with small K3 confidence intervals. The lower hemisphere trends of K3
axes (i.e. the direction toward the source of the tuff) for the 20 accepted Carpenter Ridge
Tuff sites (Figure 28) show a bimodal distribution. Ten sites point towards the known
source (the Bachelor caldera) and 10 sites exhibit K3 trends that are approximately
perpendicular to the inferred transport direction, possibly implying an inverse magnetic
fabric at these sites. Site SJ04 has a lineation that plunges steeply to the northwest,
roughly perpendicular to the inferred direction to its source.

5.2 Fish Canyon Tuff
The Fish Canyon Tuff is a crystal-rich compositionally uniform dacite (66-68%
SiO2). Crystals make up 40 to 50% of the total volume with plagioclase feldspar and
biotite as the dominant crystals (Whitney and Stormer, 1985; Lipman, 2006). Lesser
amounts of sanidine, hornblende, quartz and accessory sphene are also present. Lowtitanium magnetite with varying degrees of high temperature oxidation is the
predominant magnetic carrier; the degree of high temperature oxidation increases as the
distance from the La Garita caldera increases. Bulk susceptibilities range from 7.80 10-4
to 3.07 10-2 SI volume units, indicating the magnetic fabric is dominantly controlled by
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Figure 29: Map with sample site locations and the measured directions to the source for the Fish Canyon
Tuff (actual source is the La Garita caldera, dark grey).
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Figure 30: Plots comparing AMS and paleomagnetic data for the Fish Canyon Tuff. T: shape parameter;
P’: degree of anisotropy; Dec: declination, Inc: inclination; K3: average 95% confidence interval about the
K3 axis.
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the preferred alignment of paramagnetic and ferro/ferromagnetic phases in sites with low
susceptibilities and ferro/ferrimagentic minerals in sites with higher susceptibilities
(Hrouda and Khan, 1991). The Fish Canyon Tuff has a range of P’ values from 1.013 to
1.111 and T ranges from 0.193 to 0.734. About half of the site mean AMS fabrics out of
a total of 41 sites measured in the Fish Canyon Tuff display a well-defined foliation and
the others have well-grouped triaxial fabrics. About half of the sites collected show a
predominately oblate magnetic fabric with a moderately developed foliation. The other
Fish Canyon Tuff sites have specimens that are well-grouped about each susceptibility
axis, and thus show a triaxial fabric.
The highest degree of anisotropy was measured in a distal facies deposit at site
SJ35, which contains a CRM carried by hematite derived from an advanced stage of
high-temperature oxidation (Chapter 1). The P’ for this site (1.111) is significantly larger
than the next highest P’ value measured (1.067) and may further support the
interpretation that the anomalous paleomagnetic behavior at SJ35 is reflected in a CRM
(Chapter 1). The magnetic fabric results from this site are omitted from the overall
analysis of the magnetic fabric of the Fish Canyon Tuff. Of the 40 accepted sites in the
Fish Canyon Tuff, 32 have inferred transport directions that are consistent with the La
Garita caldera as the source of the tuff (Figure 29). The other nine sites, predominantly
in the northern sampling domain, have transport directions that are either perpendicular to
or opposite to the inferred transport direction.
For the Fish Canyon Tuff, there is a distinct relationship between the magnitude
of the average K3 axis error and T (Figure 30). This relationship may imply that
increased K3 scatter is related to a smaller T and thus more triaxial or prolate magnetic
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Figure 31: Plots comparing AMS and paleomagnetic data for the Chiquito Peak Tuff. T: shape parameter;
P’: degree of anisotropy; Dec: declination, Inc: inclination; K3: average 95% confidence interval about the
K3 axis.
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Figure 32: Map with sample site locations and the measured directions to the source for the Chiquito Peak
Tuff (actual source is the Platoro caldera, dark grey).

fabric. A higher degree of anisotropy (P’) is also associated with a magnetic fabric that is
more oblate (larger T).

5.3 Chiquito Peak Tuff
The Chiquito Peak Tuff is a crystal-rich dacite with about 20 to 30% crystals in a
tan-brown matrix (64-68% SiO2). The crystal assemblage is dominated by plagioclase
feldspar and contains lesser amounts of biotite, clinopyroxene, and rare sanidine crystals
(Lipman, 2006). Pseudo-single domain magnetite with some high temperature oxidation
and martitization is the principal magnetic carrier in the Chiquito Peak Tuff. The
measured bulk susceptibility ranges from 2.72 10-3 to 2.14 10-2 SI volume units,
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confirming a dominant ferro/ferromagnetic contribution to the magnetic fabric (Hrouda
and Khan, 1991). The degree of anisotropy values range from 1.020 to 1.069 and T
values range from 0.098 to 0.719, indicating a dominantly oblate magnetic fabric. Most
site mean AMS fabrics are triaxial and only a few show a magnetic foliation.
Most site mean AMS fabrics show well-defined triaxial fabrics, and thus wellgrouped K1, K2, and K3 susceptibility axes. There is a direct relationship among the
degree of anisotropy, average K3 axis dispersion, and T (Figure 31). A high degree of
anisotropy is characterized by a more oblate fabric with a low dispersion of K3 axes. Of
the 11 sites providing AMS fabric data, only four sites have inferred transport directions
that coincide with a source from the Platoro caldera (Figure 32). The other seven sites
have inferred transport directions that are essentially perpendicular to the expected
direction.

5.4 Saguache Creek Tuff
The Saguache Creek Tuff was sampled at five locations and presents an
interesting example for an ash-flow tuff in that it is devoid of paramagnetic crystals
(Lipman and McIntosh, 2008). The outflow tuff is a crystal-poor rhyolite (72-75% SiO2)
and contains ~3 to 10% crystals of plagioclase and sanidine feldspar in a reddish-purplebrown matrix (Lipman and McIntosh, 2008). Biotite crystals are extremely rare to nonexistent and the dominant magnetic mineral is a low-titanium magnetite with some hightemperature oxidation; this ash-flow tuff has the least amount of deuteric oxidation when
compared with all other tuffs in this study. Bulk susceptibility ranges from 6.13 10-4 to
1.30 10-2 SI volume units and the AMS fabric must reflect preferential orientation of
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Figure 33: Plots comparing AMS and paleomagnetic data for the Saguache Creek Tuff. T: shape
parameter; P’: degree of anisotropy; Dec: declination, Inc: inclination; K3: average 95% confidence interval
about the K3 axis.
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Figure 34: Map with sample site locations and the measured directions to the source for the Saguache
Creek Tuff (actual source is the North Pass Caldera, dark grey).

ferro/ferromagnetic minerals because there are no paramagnetic minerals (as crystals)
present in this tuff. P’ values range from 1.008 to 1.041, and T values range from 0.275
to 0.705 at the five sites sampled, indicating an oblate fabric. Some site mean AMS
fabrics measured in the Saguache Creek Tuff display a foliation and most have very welldefined K3 axes.
Of the five sites examined, only one inferred transport direction suggests a source
as the North Pass caldera (Figure 33). Three sites have inferred transport directions that
are perpendicular to the expected direction and one is opposite to the inferred source. A
higher degree of anisotropy is typically associated with a more oblate fabric (larger T
value) (Figure 34).

5.5 AARM Results
Preliminary AARM data were collected for one site in the Fish Canyon Tuff and
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one site in the Carpenter Ridge Tuff (Figure 35). Specimens from both sites have a
triaxial AARM fabric and steeply plunging minimum AARM axes (AARM3). AARM
data from the Fish Canyon Tuff indicate a direction to the source of ~298°. At SJ102, the
orientation of AARM2 corresponds to that of K1, AARM1 corresponds to K2, andAARM3
and K3 minimum axes are statistically the same (Figure 35). AARM data from the
Carpenter Ridge Tuff indicate a direction to the source of ~42° with no obvious
relationship between AARM and AMS susceptibility axes.

Figure 35: Comparison of tilt-corrected AMS and AARM results from the A. Fish Canyon Tuff (SJ102)
and the B. Carpenter Ridge Tuff (SJ53).
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6. DISCUSSION
The imbrication of magnetic foliation in some large-volume SRMVF ash-flow
tuffs is used to define a paleoflow direction and direction to the source following the
approach of MacDonald and Palmer (1990). All other studies of the magnetic fabric of
SRMVF ash-flow tuffs (Ellwood, 1982; Ellwood et al., 1989; Lipman et al., 1996) have
used the magnetic lineation (K1 trend) to define the paleoflow. We compare our results
with these previous studies, the paleomagnetism of the ash-flow tuffs (Chapter 1), and
examine evidence for paleotopography in the study area that may have channelized some
of the ash-flows during transport from the caldera source.

6.1 Comparison with previous studies
The Fish Canyon Tuff was sampled at site SJ27 near Ellwood’s (1982) FC-10
site, which exhibited an anomalous AMS fabric (Figure 26). The magnetic foliation at
FC-10 has a ~60° dip, a K1 axis that trends approximately north, and these results were
interpreted to be a result of rheomorphic flow. Assuming the K1 axis is parallel to the
paleoflow of the ash-flow tuff, the direction to the source is about 350° (Ellwood, 1982).
However, if the pole to the foliation is used, although the magnetic foliation is steeply
dipping, the K3 axis has a trend of 095°, meaning the direction to the source is 275°,
which is consistent with the location of the La Garita caldera. The steeply dipping
magnetic foliation at FC-10 may be a result of compaction of the Fish Canyon Tuff on a
moderately dipping paleosurface that was not recognized in the field (Henry and Faulds,
2010). Site FC-10 has an oblate magnetic fabric, providing additional evidence against
rheomorphic flow (Wolff and Wright, 1981). Although the magnetic lineation may
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provide a good estimate of the direction to the source, K1 can be normal to the actual
transport direction of an ash-flow (Khan, 1962; Leong and Stacey, 1966; Kolofíková,
1976; Ellwood, 1978) and by comparing the direction to the source derived from the
imbrication of the magnetic foliation may aid in the recognition of K1 axes that are
perpendicular to transport direction. The magnetic fabric obtained in this study at site
SJ27 has well defined susceptibility axes, including a steeply plunging K3 axis that
defines a flow direction oriented toward the east, and an oblate magnetic fabric. No
evidence for paleotopography was observed in the field.
The other site considered to show rheomorphic flow (FC-1) has an oblate fabric
and a steeply dipping foliation (Ellwood, 1982; Ellwood et al., 1989) and a direction to
the source (234.7°) that is compatible with the La Garita caldera if the imbrication of K3
is used. The paleomagnetic direction measured at this site, however, is dominated by a
CRM that is of reverse polarity and is carried by maghemite (Ellwood et al., 1989).
These three sites exemplify some of the complications of using AMS fabrics to identify
paleoflow and a combination of a rock magnetic study and either the use of AARM or a
combination of imbrication of magnetic foliation and the magnetic lineation should be
used to study sites with an anomalous magnetic fabric.

6.2 Comparison of AMS fabric and paleomagnetism
No obvious relationship between AMS fabric orientation and either declination or
inclination of the ChRM estimated at the individual site level are seen in the Carpenter
Ridge or Chiquito Peak Tuffs (Figures 27 and 3). On the other hand, sites in the Fish
Canyon Tuff with a higher degree of anisotropy (P’) also generally contain shallower
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inclinations of their ChRM (Figure 30). The relatively shallow inclinations observed in
some of the Fish Canyon Tuff are interpreted to be a direct function of compaction of the
tuff after emplacement.
In the Saguache Creek Tuff, a comparison between paleomagnetic directional
data and AMS fabric data (Figure 34) shows that inclination and declination may be
related to both P’ and T, however, these observations are not very robust due to the small
number of sites obtained from this tuff. Sites with a higher percent anisotropy or a more
oblate fabric also tend to have a shallower inclination and a more south-seeking
declination.

6.3 Comparison of AMS and AARM Results
Preliminary AARM data from the Fish Canyon Tuff (SJ102) have AARM3 axes
that coincide with K3 axes, however, AARM1 axes coincide with K2 axes and AARM2
axes coincide with K1 axes. AARM1 is nearly parallel to the measured flow direction,
although in the AMS data, K1 is nearly perpendicular to the flow direction, indicating an
inverse fabric in the AMS data (Stephenson et al., 1986; Potter and Stephenson). This
result exemplifies the use of AARM to identify an inverse fabric and this defines a more
accurate magnetic fabric that is controlled by single-domain to pseudo-single-domain
magnetite (Jackson, 1991). Interestingly, the strong AMS foliation is not observed in the
AARM data and this observation is interpreted to suggest that paramagnetic minerals
(e.g., biotite) may also have a strong influence on the AMS fabric at this site (Figure 35).
Preliminary AARM results from one site in the Carpenter Ridge Tuff are more
obscure than those from the Fish Canyon Tuff, but some general observations may still
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be made. A strong magnetic foliation observed in the AMS data is not seen in the
AARM data, and although both K3 and AARM3 axes are steeply plunging, they have
nearly opposite trends. More data are needed to thoroughly characterize the discrepancy
between AMS and AARM data at this site.

6.4 Channelization of ash-flow tuffs
The Carpenter Ridge, Fish Canyon, and Saguache Creek Tuffs in the northern
domain of the sampling area display AMS fabrics that generally do not correspond to
their source calderas. Both the Carpenter Ridge and Fish Canyon Tuffs have inferred
transport directions that are oriented toward the east that may reflect the flow of these
tuffs in the topographic low of the Saguache paleovalley. An AARM fabric from one site
in the Fish Canyon Tuff also has an inferred transport direction toward the east. The
Saguache Creek Tuff is exclusively exposed in the Saguache paleovalley (Lipman and
McIntosh, 2008) and a channelized outflow of the ash-flow tuff in a paleovalley may
explain some of the complexities in the AMS fabric data. Additional AARM data from
tuffs in the Saguache Creek valley and studies of the Saguache Creek Tuff may help to
emphasize the affect of paleotopography on the channelization of some ash-flow tuffs as
a complication of AMS fabrics.

7. CONCLUSIONS
Four, regionally extensive ash-flow tuffs of the SRMVF examined in this study
typically yield well-defined AMS data at the site level. Their magnetic mineralogy is
dominated by pseudo-single-domain to multi-domain magnetite with evidence of high
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temperature oxidation and partial maghemitization. The method of using the imbrication
of the magnetic foliation in ash-flow tuffs to identify the direction of flow is a good first
approximation, but the method is not without some complications. AARM data from
sites in ash-flow tuffs dominated by single-domain to pseudo-single-domain magnetic
carriers are clearly distinct from AMS data and have the promise of discerning an inverse
magnetic fabric sometimes seen in AMS fabrics. AMS and preliminary AARM fabric
data are consistent with the channelization of ash-flow tuffs through the Saguache
paleovalley in the northern San Juan Mountains from the northern San Juan caldera
cluster toward Saguache (Lipman and McIntosh, 2008).
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